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- A B S T R A C T
C lass re in fo rc e d  p la s t i c s ,  fo r  s tr u c tu r a l  app lica tion ,cam e 
in to  use approxim ately t h i r t y  years  ago. T heir adoption in  the elem ental 
forms o f lam inate p la te  and ‘beam co n stru c tio n  gave way to  fo ld ed  and 
curved p la te s  and covered s k e le ta l  g r id  fo rm atio n s,th e  geom etric 
co n fig u ra tio n s  p rov id ing  th e  req u ire d  s t i f f n e s s  to  a m a te ria l o f 
r e la t iv e ly  low e la s t i c  modulus*To fu r th e r  improve th e  m a te ria l 
s t i f fn e s s ,h ig h  modulus carbon f ib r e s  have been in tro d u ce d ,in  nominal 
r a t io  to  the  g lass  re in fo rcem ent,and  have shown su p ris in g  in c rease  in  
e f f ic ie n c y .
At the  p re se n t time no standard  procedures are  l a i d  down, in  
t h i s  co u n try ,fo r  te s t in g  the 'm echanical p ro p e r tie s  o f g lass  re in fo rc e d  
p la s t ic s .T h is  in v e s tig a tio n  s e ts  out p ro p o sa ls  fo r  s tandard  te s t in g  to  
determ ine te n s i le , f l e x u r a l , to r s io n a l  and in te rla m in a r  shear p ro p e r t ie s  
o f th e-m a te ria l.S u ch  b a s ic  p ro p e r tie s  are a necessary  ad junct to  th e  
p re d ic tio n  o f 's t r e s s  param eters in  f ib ro u s  com posites.
Much resea rch  has been c a r r ie d  out in  a ttem pting  to  p r e d ic t ,  
a n a ly t ic a l ly ,f o r  design,w hich,though adm irable fo r  normal lam inate  
co n s tru c tio n  becomes in c re a s in g ly  complex fo r  m u lti- la y e r  composites*
The standard  te s t in g  procedures a lso  include fo r  g la ss  and 
carbon f ib r e  com binations to  ap p ra ise  th e  su ita b le  combined r a t io  o f  
th e  re in fo rc in g  m a te ria ls .T h is  i s  shown fo r  lam inates and th e  sim ple' 
a p p lic a tio n  to  g rid  s tru c tu re s .
Wnere geometry has been employed to  gain f le x u ra l  s t i f f n e s s  
fo r  the  s tr u c tu ra l  ap p lica tio n  o f  re in fo rc e d  p la s t i c s ,  load ing  co n d itio n s  
are  them selves co m p lex ,p a rticu la rly  fo r  wind loading.M odel a n a ly s is  i s  
u su a lly  undertaken to  determ ine th e  p re ssu re  d is tr ib u tio n ,w h ic h  i s  then 
ap p lied  to  a lab o ra to ry  model in  order estim ate  d e f le c tio n s  and s tr e s s e s  
on the  struc tu re .,
The waiid tu n n e l technique i s  w ell e s ta b lish e d  in  th e  f i e l d  o f 
aero dynamics,but in  c iv i l  eng ineering  i t  has not been u t i l i s e d  to  any 
g rea t ex ten t u n t i l  ju s t  re c e n tly  w ith  th e  in c reas in g  use o f lig h tw e ig h t 
s tru c tu re s  o f  com plicated geom etrical shapes*
This th e s is  d escrib es  the  wind tu n n e l techniques and d e ta i l s
an in v e s tig a tio n  to  determ ine th e  p re ssu re  d is t r ib u t io n  over a  shallow  
dome; t h i s  d is t r ib u t io n  i s  then r e la te d  to  th e  ap p lied  lo ad  on a 
lab o ra to ry  experim ental model to  enable th e  s tre s s e s  and d e f le c tio n s  to  
be estim ated  on the  a c tu a l s t r u c tu r e . l t  shows th a t  th e  wind tu n n e l 
technique ap p lied  to  c iv i l  eng ineering  s tru c tu re s  i s  p e rm iss ib le  
provided  c e r ta in  b a s ic  assum ptions are  accep ted*C iv il eng ineering  
s tru c tu re s  a re  o ften  exposed to  wind gusts  and eddies which cause 
considerab le  s tre s se s  to  be developed in  th e  s tru c tu re * th is  m ethod,at 
p r e s e n t , i s  n o t able to  deal w ith  such extreme load ing  co n d itio n s .
The r e s u l t s  o f th i s  a n a ly s is  have shown th a t  high n eg a tiv e  
p re ssu re s  are developed on the windward s ide  of the  model; th ese  
p re ssu re s  a re  reduced to  QOfi o f  t h e i r  o r ig in a l  values f a i r l y  r a p id ly  
in  a reas  away from t h i s  re g io n .Ih e  high suc tions ex e rted  on th e  dome 
w il l  s e t  up la rg e  t e n s i le  s tre s s e s  which w il l  no t-be  counterbalanced  
by the  deadweight o f  th e  l ig h t  s t r u c tu r e s . l t  i s  th e re fo re  im portan t in  
shallow p la s t i c s  domes to  design fo r  high te n s i le  s tre sse s ,w h e reas  in  
conventional m a te ria ls ,d u e  to  t h e i r  g re a te r  deadw eight,the s tr e s s e s  
w il l  in v a r ia b ly  be compressive.
In o rder to  provide a v a l id  p re d ic tio n  w ithout co n s ta n t 
recourse to  experim ental in v e s t ig a t io n , a n a ly t ic a l  so lu tio n s  m aybe 
programmed to  e le c tro n ic  com putation, and ,in  some cases, simple hand 
an a ly s is .T h is  l a t t e r  i s  shorn f o r  th e  simple grid ,w hereas in  th e  case 
o f the  shallow dome a se m i-f in ite  element programme has been developed. 
This assumes a b a s ic  s k e le ta l  member co n fig u ra tio n  conforming to  th e  
u n it  a rea  tr ia n g u la te d  zone s . These zones are  then id e a l is e d  in to  a th in
continuum in  o rd er to  determ ine th e  s tr e s s  param eters o f th e  lo ad  
v a ria tio n s*
I t  i s  c le a r  th a t  a l l  lo ad  sim ulation  i s  id e a l is e d  and 
s im p lif ie d ,h u t ho p efu lly  shows a common sense app roach .V ariab les,such  
as tem perature and non-homogeneity o f the  s h e l l  however n a tu r a l ly  
produce d iffe re n c e s  in  r e s u l t s ,b u t  w ith s u ita b le  sa fe ty  fa c to r  
in tro d u ced ,su ch  d iffe ren ces  can be accounted for*
F urther in v e s tig a tio n s  imm ediately developing from t h i s  work 
th a t  fo r  a s t i f fe n e d  sca llo p ed  shape adopting the same r ise ?  span dome 
p ro f i le ;  a lso  the  in tro d u c tio n  o f a s k e le ta l  web o f carbon f ib r e s  in  
com bination, in  nominal amount,with th e  g la ss  re in fo rc e d  p l a s t i c s  
m a te r ia l.
Programmes fo r  wind p re ssu re  d is t r ib u t io n  c o e f f ic ie n ts ;  
experim ental s t r e s s  param eters and a n a ly t ic a l  s k e le ta l  so lu tio n  fo r  
the  shallow dome,are appended to  the th esis*
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-  PREDICTABLE DESIGN ITT REINFORCED PLASTICS -
CHAPTER. 1 . -  INTRODUCTION»■ '
1 .1 ,  B r ie f  h is to ry  o f p l a s t i c s .
9
P la s t i c s  embraces a wide v a r ie ty  of resin o u s compounds which 
may be ca teg o rised  in to  two headings, ( l )  Therm o-plastics j (2) Thermo- 
s e tt in g -p la s t ic s .T h e  fo rm er,co n ta in in g  th e  n a tu ra l  re s in o u s  compounds 
and many sy n th e tic  v a r ie tie s ,w a s  th e  fo re ru n n er in  th e  f i e l d  o f p la s t i c s  
c e r ta in  forms having been adopted by the  e a r ly  Egyptians and Romans.
The common anber re s in  and o th e r w axy ,natural v a r ie t ie s  were used fo r  
adornment and in  s e t t in g  th e  s e a ls  o f  an c ien t .documents.
The th e rm o -p la s tic s  a re  defined  by th e  eng ineer as a p l a s t i c  
in  which once po lym erisa tion  has taken  p lace  may be reshaped and 
remoulded by h ea t o r p ressu re ,w hereas the  th e rm o s e ttin g -p la s tic s  a re  
those which a f t e r  po lym erisa tion  cannot be reshaped.The form er re a c tio n  
i s  thus re v e rs ib le  w hile th e  l a t t e r  i s  i r r e v e r s ib le .
A ll p l a s t i c s  however,have one common p ro p e rty  in  th a t  th ey  
a re  composed o f m acro-m olecu les,that is , lo n g  chain m olecules made up o f 
simple r e p e t i t iv e  u n it  s. These a re  termed polym ers by th e  chem ist.
p o ly e s te r  r e s in s  were amongst th e  f i r s t  o f th e  many 
sy n th e tic  re s in s  produced,which now form the  b a s is  o f th e  re in fo rc e d  
p la s t i c s  in d u s try .In  1847*the  Swedish chemist BERZELIUS^,reacted 
t a r t a r i c  a c id  w ith g ly ce ro l and produced the  resin o u s m ass,po ly - 
g ly c e r y l- ta r t r a te .  Since th i s  was th e  re a c tio n  product o f a po lyhydric  
a lcoho l and a p o lybasic  a ,c id ,i t  was a p o ly e s te r  r e s in .  The r e s u l t in g  
compound,however,was no t understood o r considered  u se fu l and remained 
a la b o ra to ry  enigma u n t i l  i t  was red isco v ered  many years l a t e r .
In  1862,ALEXANDER PARKES ,^ d iscovered  th a t  by adding camphor 
and alcoho l to  n i t ro - c e l lu lo s e ,  a hard , h o m -lik e ,m ass  was form ed.This
he c a l le d  "P arkesine”,which became th e  fo rerunner o f  cellu lo icL B y the
end o f th e  19th .  cen tu ry  t h i s  m a te r ia l  was being  produced commercially
in  th e  non-inflammable form, c e llu lo se  a c e ta te ,b y  CROSS and BEVm \
*1
VQRLANDER , in  18 94, p u b lish ed  h is  development o f th e  f i r s t .
u n sa tu ra ted  p o ly e s te r  r e s in , th e  g lyco lraaleates.T h is  wra;s fo llow ed by
SMITH^who produced p o ly -g ly c e ry l-p h th a la te  and l a t e r  le d  to  th e
development o f the  alkyd r e s in s .
About 1897,KRISCHE and Spri'TELSR1,w orking se p a ra te ly ,
d iscovered  th e  form aldehyde-casein re a c tio n , on which case in  p la s t i c s
depend.The e a r l i e s t  use o f  Casein,however, goes back to  th e  1 8 th .d y n asty
o f  th e  Egyptians.
The g la s s - l ik e  p l a s t i c s ,  c o n s is tin g  o f th e  s ty re n e s ,v in y ls
and a c r i l i c s  began th e i r  development in  th e  19th .  c en tu ry ,s ty ren e  be in g
2
f i r s t  produced in  I831«ln the l a t t e r  h a l f  o f th a t  cen tu ry , 1872,BAYER ,
had shown th a t  th e  in te ra c t io n  o f phenol, (c a rb o lic  a c id ) ,w ith
formaldehyde gave a hard  resin o u s  compound,but th e  major s tu d ie s  o f  
2LEO.H.BAEKELAND , p u b lish ed  in  1909*w ith a p a te n t on hea t and p re ssu re
f o r  making pheno lic  r e s in s  u sab le , f i r s t  se t th e  course o f  modem
in d u s t r ia l  p roduction  o f p la s t ic s .H e  found th a t  not only  d id  th e
resin o u s  substance so ften  by h e a tin g ,b u t th a t  the  hea t caused an
i r r e v e r s ib le  re a c tio n  in  th e  po lym erisa tion  o f the p la s t ic s .T h is  f i r s t
th e rm o se ttin g  p l a s t i c  he c a lle d  "B ak e lite”. However th e  phen o lic
compounds su ffe red  th e  b a s ic  disadvantage o f  s in g le  monotone co lo u r,
and in  experim ents to  ob ta in  b r ig h te r  c o lo u rs ,th e  urear-formaldehydes
were in troduced  and p a te n ted  in  1924 by Formica P roducts Company; th e
u rea  being  made s y n th e tic a lly  from ammonia and carbon d iox ide . These
p la s t i c s  became known as am in o -p las tic s  and gave r i s e  to  th e  melamine
2range w idely recogn ised  fo r  t h e i r  b r ig h t  co lo u rs. FARBER and 0* CONOR , 
who formed th e  Formica Products Company in  1913*were th e  f i r s t  to  a.dopt 
a  re in fo rc in g  m a te r ia l , in  th e  p roduction  o f re in fo rc e d  p l a s t i c
2
e le c t r i c a l  in s u la to r s * I t  was,however,ROBERT KEMP ,who f i r s t  r e a l i s e d  th e  
p o te n t ia l  o f re in fo rc e d  p l a s t i c s  as a s tru c tu r a l  m a te r ia l a n d p a te n te d  
h is  id eas  in  1921- 22*
The e thy lene po lym ers,the po ly -am ides,(N ylon),the  poly­
s ty ren es , the  p o ly v in y ls  and many o th e rs , a l l  slowly follow ed th e  
tech n o lo g ica l advances o f o rganic chem istry  and th e  knowledge o f th e  
p ro cess  o f  p o ly m erisa tio n ,( th e  a b i l i t y  o f carbon atoms to  l in k  in to  
long c h a in ,fu l ly  bonded,m olecules).
A need to  p rov ide fo r  low p ressu re  mouldings produced th e
u n sa tu ra te d  p o lyesterj-a  re s in  o b ta in ed  from th e  re a c tio n  o f d ica rb o x y lic
a c id  and d ihydrie  a lco h o l.T h is  p ro cess  was p a ten ted  in  1933 by CARLTON 
2ELLIS ,th u s  p rov id ing  a v a r ie ty  o f p l a s t i c s  having th e  advantage o f  
po lym erisa tion  a t  room tem perature and allow ing simple hand a p p lic a tio n  
to  th e  mould.The sp ec tacu la r  p ro p e r t ie s  o f t h i s  compound in  com bination 
w ith  g la ss  and o th e r re in fo rc in g  m a te r ia ls , and i t s  consequent 
s a t is f a c to ry  s tr u c tu r a l  behaviour,have made i t  the m ainstay o f th e  
in d u s try .
In  1938? a t  th e  same tim e as th e  Owens -  Com ing l ib e r g la s  
C orporation was being  formed to  manufacture ’’l ib e r g la s ”,an o th e r  v e ry  
im portan t r e s in  w as-patented  by PIERRE CASTAN , known as epoxy r e s in .
This r e s in  was commercially a v a ila b le  from about 19^-9*whereas 
p o ly e s te r  had been in troduced  to  th e  commercial world in  19 -^2 when th e  
f i r s t  re in fo rc e d  p l a s t i c  boat h u l l  was moulded by B assons.This f i r s t  
a ttem pt was a d is a s te r  as th e  n e c e s s i ty  o f using  a mould re le a s e  agent 
had n o t been r e a l is e d ,  and the  lam inate  could n o t be demoulded. This 
la c k  o f knowledge widened the  scope o f the  in d u s try  by n e c e s s ity  and 
gave r i s e  to  the use o f  wax and la te r ,P .V .A .,  (p o ly v in y l-a c e ta te ) , 
r e le a s e  ag en ts .
Apart from re s in s  fo r  lam inating ,w hich ,by  19^2 had reached  
an im portan t le v e l  o f p ro d u c tio n ,re se a rc h e rs  in  th e  adhesives in d u s try
experim enting w ith th e  re s in o u s  compounds a v a ila b le , d iscovered  th a t  a 
m odified  form o f  phenol-form aldehyde was an e x c e llen t ad h esiv e .L a te r, 
v in y l-s ilic o n e s ,re so rc in o l-fo rm a ld e h y d e , and in  19V75epoxy re s in s ,w e re  
found to  provide ex cep tio n a l adhesive p ro p e r tie s  and were ra p id ly  pu t 
in to  genera l p ro d u c tio n .
J u s t a f t e r  th e  second world war,new p ro cesses  were in tro d u ced  
in to  th e  p la s t i c s  in d u s try , th e  most im portant being filam en t winding, 
low p re ssu re  pre-inrpregnated rein fo rcem ents and sandwich c o n s tru c tio n .
These, to g e th e r  w ith th e  in v en tio n  o f boron and carbon f ib r e s ,  
fo r  in c reased  modulus p ro p e r t ie s ,  show th a t  in  the  r e l a t iv e ly  sho rt 
p e r io d  o f 30 y e a r s ,p la s t ic s  technology has developed in to  a very  
sp e c ia lis e d  science in  which design methods and procedures may be 
ap p lied  w ith a good degree o f accuracy to  a wide v a r ie ty  o f  sh o rt term  
loaded  s tru c tu re  s . C onsiderable re sea rc h  e f f o r t  i s  being  expended in  t h i s  
country  and th e  U nited S ta te s  tow ards the  development o f new methods o f 
s t r e s s  p re d ic tio n s  and s t r u c tu r a l  a n a ly s is  which w i l l  provide a more 
economic use o f p a r t ic u la r  m a te r ia l p ro p e r t ie s .
1 .2 .  M ateria ls  o f co n s tru c tio n .
1 .2 ,1 .  R esins.
Due to  the  wide v a r ie ty  o f  r e s in s  a v a ila b le , some o f  which 
have been mentioned above as be ing  h i s to r i c a l ly  s ig n i f i c a n t , i t  i s  
thought ap p ro p ria te  th a t  general p ro p e r tie s  should be n o ted  from a 
s e le c te d  few, and p a r t ic u la r  re fe re n c e  given to  u n sa tu ra ted  p o ly e s te r .
The l a t t e r  being  the re s in  o f m ajor im portance to  th e  g la ss  re in fo rc e d  
p la s t i c s  in d u s try .
TABLE.1 . , shows comparison o f  g eneral p ro p e r tie s  fo r  a 
s e le c tio n  o f im portant r e s in s  w ith  th e  exception o f p o ly e s te r  r e s in  
which i s  d iscussed  in  d e ta i l  below* 
p o ly e s te r  re s in s ,(u n s a tu ra te d ) .
COMPOUND
POLYACETAL 
(T .P .)
ACRYLIC
(t ;p . )
STRENGTH PROPERTIES 
TENSILE COLIP FLEX
70
50
120
80
f
130
100
90
i
120
GENERAL PROPERTIES
S t i f f ,  strong,good 
f a t ig u e , r e s i l i e n t ,  
low m oisture 
s e n s i t iv i ty ,h ig h  
so lven t re s is ta n c e , 
e x c e lle n t e l e c t r i c a l  
p ro p e r t ie s .
Slow b u rn in g ,tra n s -  
p a r  en t  , a t  t  acke d by 
a c id  b u t a lk a l i  
r e s i s ta n t ,e x c e l le n t  
moulding p ro p e rtie s ,
GENERAL USES
In je c tio n  
moulding o r 
ex tru sio n  in to  
ro d s ,sh e e ts  or 
tu b es .
G lazing m a te ria l 
(Perspex, 
P L ex ig las).
PHENOL-
E0RHALDS-.'
HYDE
(t . s . v
UREA-
F0RMALDB-
HYDE
MELALYNB-
F0.RI.1ALDE-
HYDS
£ L d k l _
POLYVINYL
(T .P .)
50
I
55
70
j
200
80
I
100
40
I
90
170
I
240
70
I
110
A ll am in o -p las tics  
have e x c e llen t heat 
and m oisture 
re s is ta n ce .T h ey  are  
alm ost non-inflam able 
May be f i l l e d  or 
u n f i l le d .
Laminate board.
E le c tr ic a l
p a r ts
50
I
90
35
I
80
270
i
310
75
i
100
80
!
110
80
120
Completely unaffecti 
by ac ids and a lk a l i s ,  
very  low w ater 
ab so rb tio n , non- 
in flam ab le ,low  h ea t 
r e s is ta n c e .
E le c tr ic a l
p a r t s .
Dinnerware.
E x trusions, 
p ip e s ,s h e e ts .  
P.V.A.
re le a s e  agen t.
EPOXY
(T .S .)
35
I
80
100
!
200
70
I
130
E xcellen t adhesion, 
moulding p ro p e r t ie s .  
Zero w ater 
ab so rb tion  • Unaf f  e c t  e d 
by a lk a l i s  and most 
a c id s .
A dhesives,
lam in a te s ,
p a in ts .
POLYAMIDE
(NYLON)
(T .P .)
POLYSTYRENE 
(T .P .)
50
I
80
50
I
110
55
I
110
35
I
80
80
I
110
80
I
120 -
Un a f fe c te d  by a lk a l i ,  
ab rasion  r e s i s ta n t ,  
good moulding 
p ro p e r t ie s .S e l f  
ex tin  gul shin g.
P ip e s ,h o s ie ry , 
Moulded 
m echanical 
p a r t s .
Colourle sshut can be 
coloured.Good 
e le c tr ic a l ,th e rm a l  
in su la tio n .P o o r  h ea t 
r e s is ta n c e .
T oys,film  spools 
ra d io  and T.V. 
c a b in e ts .c e i l in g  
tile s ,m o u ld e d  
boat h u l ls .
TABLE .1 .  -
General purpose resins*when cu red ,a re  cc>-pol;ymers o f  sty rene 
and u n sa tu ra ted  po ly este r.T h e  base p o ly e s te r  r e s u l t s  when c e r ta in  
o rgan ic  a c id s  o r a c id  anhydrides, termed d i-  or po ly carb o x y lic  a c id s , 
( th a t  i s  two o r more carboxyl, (GOOH), groups p e r m olecule), are  re a c te d  
w ith  a s p e c if ic  c la s s  o f o rgan ic  a lcoho ls,te rm ed  p o ly o ls , ( th a t  i s  two 
or more hydroxyl, (OH), groups p e r  m olecu le).T h is re a c tio n  i s  c la sse d  as 
an e s te r i f i c a t io n  p ro cess , an e s te r  being  th e  organic eq u iv a len t o f the 
ino rgan ic  s a l t  derived  from th e  chemical re a c tio n  between an in o rg an ic  
a c id  and base .
U su a lly ,p h th a lic  and m aleic anhydrides are  condensed w ith  
propylene g lyco l and seme d ie th y len e  glycol.T here i s  u su a lly  an excess 
o f  th e  g lyco l components as th e se  ten d  to  be lo s t  more e a s i ly  during 
the  reac tio n .T h e  g lyco ls  and anhydrides are  each able to  form two e s te r  
l in k s , th e  e s te r i f i c a t io n  re a c tio n  con tinu ing  step by s te p ,b u ild in g  up a 
l in e a r  chain molecule and s p l i t t i n g  o f f  a molecule o f w ater as each . 
l i n k  i s  fo rg e d ,T h eo re tic a lly , th e  chains can be o f in d e f in i te  le n g th ,b u t 
in  p ra c tic e  th e  re a c tio n  i s  con tinued  u n t i l  some 10 -  30 lim ks have been 
form ed,giving a m olecular weight to  th e  p o ly e s te r  o f  between 1000 and 
2000.The speed o f the re a c tio n  f a l l s  o f f  as i t  proceeds, and, i f  c a r r ie d  
on too long th e re  i s  a r i s k  o f  g e la tio n .
In  some cases i t  has been found advantageous to  c a rry  ou t th e  
p o ly  -  condensation in  two s ta g e s , condensing f i r s t  the  s a tu ra te d  a c id  
and then th e  u n sa tu ra ted  acid .S m all a d d itio n s  o f phenol p rov ide 
s ta b i l i s a t io n  befo re  e i th e r  o r bo th  s tages are  d isso lv ed  in  s ty re n e ,th e  
r e s u l t  ineach  case being a v iscous l iq u id  known as a p o ly e s te r  r e s in .
The p o ly e s te r  chain can be rep re sen ted  as (A) -  S a tu ra ted  a c id
(B) -  In s a tu ra te d  a c id  
(G) -  Glycol 
(S) -  Styrene
The uncured p o ly e s te r  may be rep re sen ted  b y ;«
The cured p o ly e s te r  may be rep re sen te d  by
I I
~ A -  G- -  B -  G- -  A -  G- -  B -  G- -  A -
I I
S S
! I
-  A ~ G- « B -  G- ~ A « G- -  B ~ G- -  A -
' ! I
The term inology, ’’u n s tau ra te d ” in d ic a te s  th a t  unbroken double bonds are  
c a r r ie d  over from the  o r ig in a l  , ( a c id ) ,in g re d ie n ts  in to  th e  f in is h e d  
r e s in  to  p rovide p o in ts  of* re a c tiv ity .T h e  double bonds, (u n sa tu ra te d ), 
are  opened up by th e  f re e  r a d ic a l  c a ta ly s t  and u n ite  w ith s im ila r  
r e a c tiv e  chemical g roups,o r u n i t s ,o f  the  monomer.The f in a l  cu rin g  
re a c tio n  i s  c la sse d  as n a d d i t io n p o ly m e r is a t io n  because no by -products 
r e s u l t .
The rea c tio n  o f organic m olecu les,based  on a carbon backbone,
show: -
Organic ac id  anhydride + Alcohol E s te r  * Y/ater
This i s  th e  e s te r i f i c a t io n ,  o r condensation re a c tio n .T h is  i s  shown fo r  
th e  simple re a c tio n  in  FIG-. 1 * ,an example being:-.
A cetic  a c id  + E thyl a lcoho l - —es*. E thyl a c e ta te *  Water
0 0
i i
H 0 C C H j + CgHjO H  ^  c2h2o c C H ,+ HgO
To ob ta in  a good y ie ld  o f e s te r  i t  i s  n ecessary  to  remove the  
w ater form ed,in  o rd er to  p reven t a re v e rse , o r  s a p o n if ic a tio n  p ro cess  
from o ccu rrin g .In  th e  example o f e s te r i f i c a t io n ,  since the  m olecules 
invo lved  are  a monobasic ac id  and a monohydric a lco h o l, they  have on ly  
simple re a c tiv e  groups and th e  re a c tio n  stops w ith th e  form ation o f  th e  
simple e s te r .
KLenle developed th e  fu n c t io n a li ty  th eo ry , which i s  a s im p lif ie d  b a s is  fo r  
the  understanding o f  th e  form ation o f high polymers* By t h i s  th eo ry  
m olecules con ta in ing  two or more fu n c tio n a l groups can r e a c t  to  form 
complex m olecules o r polym ers.Thus a p o ly b asic  acid ,such ' as a d ip ic  ac id , 
and a po lyhydric  a lco h o l, such as  ethy lene g ly co l,b e in g  b i- fu n c tio n a l ,  
can be e s te r i f i e d 'b y  m u ltip le  condensation re a c tio n s  to  y ie ld  a l in e a r  
m olecule o f i n f in i t e  len g th , o r , i f  te rm in a l groups on th e  growing chain 
molecule re a c t ,  a r in g  s tru c tu re  may fo rm ,te rm inating  any fu r th e r  growth. 
The p o ly e s te r i f ic a t io n  re a c tio n  i s  shown in  FIG-. 2.
In  th i s  example,and in  most cases,w here a maximum co n tro l
over m olecular growth i s  d e s ire d ,th e  p o ly fu n c tio n a l r e a c ta n ts  a re
b i  -  fu n c tio n a l o rgan ic  ac id s  and b ases , and are  se le c te d  from th e
m ultitude o f d ihyd ric  a lc o h o ls ,(g ly c o ls ) ,a n d  d ib as ic  o r d ica rb o x y lic
a c id s . I f  e i th e r  the  g lyco l o r d ib a s ic  a c id  con ta ins u n sa tu ra te d  or
1 «  1doubly bonded carbon atoms ~ C ~ C — , an u n sa tu ra te d  p o ly e s te r  i s
f ~ I
ob ta ined . The p o ly e s te r i f ic a t io n  re a c tio n  invo lv ing  bo th  s a tu ra te d  and 
u n sa tu ra ted  ac ids i s  shown in  FIG-.3. Such a p o ly e s te r  i s  capable o f 
subsequent cross l in k in g ,o r  th erm o se ttin g , e i th e r  d i r e c t ly  to  s im ila r  
u n sa tu ra ted  double bonds in  ad jacen t p o ly e s te r  chains o f th e  same 
s tru c tu re  by d ire c t  re a c tio n , or,m ore f re q u e n tly  through an unsaturat.ed  
double bond in  a monomer such as styrene.T he monomers g e n e ra lly  used 
are l iq u id s ,n o t  always s ty ren e , and serve as a so lven t to  c a rry  th e  
otherw ise h ig h ly  viscous- -  to  -  s o lid ,p o ly e s te r s ,  and th u s  give them a 
co n sis ten cy  id e a l  f o r  v arious f a b r ic a t io n  o p e ra tio n s .
The p ro p e r tie s  o f th e  f in a l  r e s in  are  determ ined by th e  type 
and q u a n ti t ie s  o f th e  a c id s , g ly co ls  and monomer used in  th e  r e a c t io n , 
and since th e re  are  a g rea t number o f v a r ia t io n s  in  th e  com position o f  
th e  re a c tio n , a considerab le  v a r ie ty  o f r e s in s  w ith a wide range o f  
p ro p e r tie s  i s  conceivable.
The most commonly used  u n sa tu ra ted  ac id s  a re  m aleic anhydride
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and. fumaric acid , w h ils t  p h th a lic  anhydride and iso p h th a lic  acid  are the  
most common o f  the saturated  acids*The sim plest and most r e a d ily  
a v a ila b le  g ly c o l is: ethylene g ly c o l, and the cross lin k in g  monomer i s  
almost in v a r ia b ly  s ty r en e ,A ll o f  th ese  chemical compounds are derived  
e ith e r  from coal or petroleum , and FIG-.!-* shows the o r ig in  o f  th e  
compounds used- in  the manufacture o f a ty p ic a l polyester*.The v isco u s  
p o ly e s te r , and p a rticu la r ly , in  so lu tio n  w ith  a monomer, such as styren e, 
has a lim ite d  s t a b i l i t y  in  storage end w i l l  slow ly  s e t ,o r  g e l,o v e r  a 
p eriod  o f  time*Small q u a n tit ie s  o f  s t a b i l i s e r ,o r  in h ib ito r ,a r e  added 
during manufacture to delay t h is  g e l l in g  a c tio n ,th e  q u a n tit ie s  bein g  
in creased  where the r e s in  i s  to  be used in  a .warm clim ate .
The add ition  o f  a c a ta ly s t  and a c ce le ra to r ,o r  a c a ta ly s t  
togeth er with heat,can  cause a r e s in  to  cure*,A cer ta in  'amount o f  energyr 
must be imparted to  some o f the m olecules in  the o r ig in a l r e s in  in  order 
for  the curing p rocess to  begin.Y/hen a c tiv a te d , a chain rea c tio n  i s  s e t  
o f f  by the m olecules u n itin g  and rea c tin g  w ith the other m olecules,T he  
rea ctio n  repeated  a s u f f ic ie n t  number o f tim es r e s u lt s  in  the form ation  
o f  a polymer*Cure i s  considered to  be complete when no unreacted monomer 
e x is t s  in  the system,An in h ib ito r  may be added to the res in -d u r in g  the  
manufacture in  order to  prevent any rea c tio n s  th a t may cause premature 
g e la tio n  during storage- when some m olecules aquire enough energy to  
.begin the chain reaction ,A n in h ib ito r  i s  capable o f absorbing energy  
tra n sferred  to  i t  by an a c tiv a te d 'm o le c u le ,I t  i s  unable to  combine w ith  
other monomer m olecules a f te r  absorbing t h is  energy,thus stopp ing or 
slowing down the reaction .T he in h ib ito r  can on ly  prolong the p o s s ib le  
g e la t io n ,s in c e  i t  lo s e s  i t s  e f fe c t iv e n e s s  over a p eriod  o f  time due to  
the a c tiv a tio n  o f the m olecule,Y/ith normal r e s in  storage l i f e , t h e  b 
in h ib ito r  must be removed or n e u tr a lise d  before f u l l  cure can be 
achieved .T his i s  accomplished b y 'th e  ap p lica tion  o f  a c a ta ly s t ,h e a t ,o r  
l ig h t ,o r  a combination o f  the th re e .
Most c a ta ly s ts  used, with p o ly e s te r  r e s in s , are r e la t iv e ly  
sta b le  copmounds by th em selves,b ut break down in to  fr e e  r a d ic a ls  in  the  
presence o f  the r e s in ,e s p e c ia l ly  und.er the in flu en ce  o f  any source o f  
energy*The fr e e  ra d ic a ls  which are caused by the decom position o f  the 
c a ta ly s ts  tend to  in i t i a t e  p o lym erisation *the higher the tem perature, 
the fa s te r  the ra te  o f  c a ta ly s t  decomposition and th e forma,tion o f  fr ee  
rad ica ls*  Thus the ra te  o f  polym erisation  can be c o n tr o lle d  by reg u la tin g  
the temperature and the percentage o f  c a ta ly s t  used*The s e le c t io n  o f  the 
.proper c a ta ly s t  and the amount to  be used depends upon the r e s in  and the  
temperature at which the r e s in  i s  cured ,the required  w orking,or pot l i f e ,  
and the time o f  gelation*No c a ta ly s t  i s  a v a ila b le  which can meet a l l  o f  
th ese  requirem ents,therefore combinations o f  c a ta ly s t s ,o r  ca -ta ly sts  and 
accelerators,m ust be adopted to  obtain  the b e s t  resiiltsf.Then heat can be 
ap p lied  to  the r e s in  to  e f f e c t  f u l l  cu re,th e most commonly used c a ta ly s t  
i s  bensoyl peroxideeI t  i s  e f f ic ie n t ,e a s y  to  h a n d le ,rea d ily  so lu b le  in  
monomeric styrene,raay be stored  for  long p eriod s w ithout lo s s  o f  
a c t iv i t y ,s t a b le  at room tem perature,but decomposes at e lev a ted  
temperatures.The percentage used may range from 0*5 to  2*0 depending 
upon r e s in  and monomer. Y/hen in  p a ste  form ,u sually  w ith 50y  t r ic e s y l  
phosphate,from  1*0 to  3*0^ used*
I t  i s  sometimes d esira b le  and n ecessary  to  s ta r t  and even 
cause complete: cure at lower tem peratures so th a t the p o lym erisa tion  
heat can be r ea d ily  d issip ated *T h is i s  e s p e c ia l ly  true in  the wet hand 
lay-up method when used fo r  la rg e  or com plicated u n its  where i t  may not 
be p o ss ib le  to  apply heat*The c a ta ly s t  adopted for  such co n d itio n s i s  
g en era lly  m ethyl-ethyl-ketone*T his does not lea d  to  f u l l  cure by i t s e l f ,  
but vriLth the add ition  o f  an a cce lera to r , cob alt n a p th en a te ,w ill cause  
g e la tio n  and complete cure w ith in  short p eriod s o f tim e, depending upon 
the percentage o f each used w ith the resin*0*5 to  2 .0 $  o f  c a ta ly s t  and 
0*3. to  1*0$ o f  a cce lera to r  are adopted depending upon the d es ired
working time o f  the r e s in .
Two major types are produced:-
(a) General purpose ; w ithout the ad d ition  o f  saturated  a c id . 
o>) More f le x ib le ,  low exotherm, re s in , produced by the add ition  o f  extra  
saturated  acid , the a c t iv i ty  o f  th e  r e s in  being reduced by th is  
ad d ition .
The severa l d if fe r e n t typ es o f  p o ly e s te r ,e a c h  form ulated fo r  
s p e c if ic  use,may be l i s t e d : -
(1) General purpose: Adopted fo r  general moulding work u sin g  hand lay-up
method*Available in  a wide range o f  v i s c o s i t i e s  to  
s u it  moulding requirem ents.There i s  a large  
v a r ia tio n  in  the p h y sica l and m echanical p ro p er tie s  
o f  the in d iv id u a l re s in s ,b u t u su a lly  th ey  are o f  
good average va lu e .
(2) Heat r e s is ta n t  ; Ordinary p o ly e s te r s  at b e st w i l l  w ithstand
tem peratures o f  the order o f  150°C, continuously*
For higher heat r e s is ta n c e ,th e  use o f  a heat s ta b le  
monomer such as t r ia l ly lc y a n u r a te ,in  p la ce  o f  
styren e,can  give r e s is ta n c e  up to  250°C ,for a 
lim ite d  p er io d  o f  tim e.
(3)L ight s ta b ilis e d :  Such r e s in s  are designed fo r  th e manufacture o f
transparent roof sheet and are s t a b i l i s e d  to  
prevent the lam inates from yellow in g  due to  age. 
This property can a lso  be conferred on genera,! 
purpose r e s in  by the use o f  a sp e c ia l l ig h t  
s t a b i l i s in g  a d d itiv e .
(4) F ire r e s is ta n t  : A ll  ordinary p o ly e s te r s  bum and w i l l  continue
supporting combustion a f te r  the removal o f  the  
cause o f  ig n it io n .S e lf -e x t in g u is h in g  r e s in s ,  
although th ey  w i l l  bum in  the presence o f  a flame
Y /ill cease  to  burn when the source o f  ig n it io n  i s  
removed.The s e lf -e x t in g u ish in g  p ro p ertie s  are 
u su a lly  obtained by th e add ition  o f  ch lor in e  
compounds in  the r e s in  form ulation ,but may a lso  be 
achieved by the use o f  HET acid..
(5)Chemical res ista n t;T h ese  typ es have been the subject o f  sp e c ia l study
by the manufacturers, and r e s in s  such as tho,se 
based upon a b isph en ol p o ly e s te r , are a v a ila b le , 
which have b e tte r  chemical corrosion  r e s is ta n c e  
than the normal general purpose p o ly e s te r .
(6) F lex ib le  r e s in  ; This type i s  e s s e n t ia l ly  a m odifying r e s in  and i s
designed s p e c i f ic a l ly  fo r  blending w ith general 
purpose p o ly e s te r s  to  give improved f l e x i b i l i t y ,  
r e s i l ie n c e  and impart stren gth .
(7 ) lso p h th a lic  res in ; These p o ly e s te r s  show improved c h a r a c te r is t ic s  fo r
m ou ld ab ility  in  both hot and co ld  a p p lic a tio n s  
because th ey  tend to  wet the g la s s  reinforcem ent 
more s a t is fa c to r ily .T h e y  a lso  show improved 
r e s is ta n c e  to  chem icals and d etergen ts,an d  
reten tio n  o f  strength  in  the wet co n d itio n .
(8) HET a c id  r e s in  ; This type i s  e x te n s iv e ly  used in  th e U .S .A .,b u t i s
not y e t common in  Europe. I t  has p h y sica l p ro p er tie  
sim ila r  to  the general purpose ty p e ,b u t f i r e  
r e s is ta n c e  and weather s t a b i l i t y  are su p erior to  
those r e s in s  made s e lf -e x t in g u ish in g  by o th er  
methods.
T ypical p ro p er tie s , advent ages and disadvantages o f unsaturated  -p o lyester  
r e s in s .
p
T en sile  stren gth . 6 0 - 7 0  U/mra
T en sile  elongation  a t fra c tu re . 1 .8  -  2 .0  %'
F lexu ral stren gth .
F lexu ral modulus o f  e l a s t i c i t y .  
Conpressive stren gth . • •
Impact stren gth , ( is o d ) .
Water absorbtion , 24 h r . f0» 
S p e c if ic  g rav ity .
Thermal expansion, (L in ear).
110 -  130 N/mm2 
4 ~  5 Hi/mm2 
145 -  155 N/mm2 
21 N mm /mm
0.15  -  0 .2 1
1 .22
63 -x 10~6/  °C 
(range 10° -  55°C )
Advantages* (1) Can be moulded, at low pressure and a t room temperature
(2) No v o la t i le  by-products formed during condensation  
rea c tio n .
(3) Translucent and su scep tib le  to  colour pigm ents.
(4) May be f i l l e d  to in crea se  any p a r tic u la r  property,
(5) R esista n t to  many chem icals.
( 0  R esista n t to  weather and m oist co n d itio n s .
(7) I s  l iq u id  and flow s fr e e ly .
(8) I s  su ita b le  fo r  use w ith rein forcem ents.
(9) With g la ss  f ib r e  reinforcem ent has high strength /w eigh  
r a t io .
(10) I s  extrem ely r e s i l i e n t .
sp e c ia l equipment n ecessary .
(3) F la t p la te s  not very  r ig id  u n less  s t i f f e n e r s  a p p lied .
(4) S k i l l  required  in  la y in g  up fo r  c o n s is te n t stren gth  
values*
1 .2 .2 .  A n c illa ry  p ro d u c ts .
Di s adventage s :
( i )  Fabrication  by hand lay-up slow” by comparison w ith
p ress in g  or in je c t io n  moulding tech n iq u es.
(2) Cost o f  r es in  and reinforcem ent qu ite  h igh ,b u t no
Some type o f  chemical in h ib it io n  i s  n ecessary  during the  
manufacture and usage o f  a p o ly e s te r  resin .S u ch  chem icals are added t o ; -
(a) Stop random r a d ic a ls  causing premature po lym erisa tion .
(eg . Naphthoquinone).
(b) provide s t a b i l i t y  during sto ra g e.
(c ) Ensure g e la tio n  time i s  not premature due to  heat generated during 
manufacture.
(d) Where the p rocess o f  polym erisation  i s  to  be slowed down a 
retard er may be used.
The curing o f'th e  r e s in  i s  achieved by adding a c a ta ly s t  
togeth er  w ith heat, or by adding a c a ta ly s t  and an a c c e le r a to r , (u su a lly  
cobaly napthenate),when cure can be e f fe c te d  a t room tem perature. 
C a ta ly sts  are u su a lly  p erox id es, (eg . M ethyl~ethyl-ketone-peroxd.de).
Some r e s in s  contain b u i l t  in  a c ce le ra to rs  and only  require the ad d ition  
o f  a c a ta ly s t .F o r  normal work the g e la tio n  time should g en era lly  be 
m aintained at between 30 -  60 m inutes,but fa s t  curing can be achieved  
fo r  simple lay-up o f  sheet by m erely in crea sin g  the ambient tem perature. 
Thus fa.ctors a f fe c t in g  g e la tio n  time in c lu d e ;-
(a) C ata lyst percentage content.
00 A ccelerator  percentage conten t.
(c )  Ambient temperature.
(d) Resin bulk .
(e ) A dd itional f i l le r s ,p ig m e n ts  and in h ib ito r s .
F i l l e r s  are used e x te n s iv e ly  in  p o ly e s te r  r e s in s  to  impart 
p a r tic u la r  p rop erties.T h ey  can g ive o p a c ity  to  c a st in g s  and lam in ates, 
produce dense g e l coats,im part s p e c if ic  m e c h a n ic a l,e le c tr ic a l and 
chem ical r e s is t in g  properties*• G ela tion  tim e may be in crea sed  or reduced  
dependent upon the f i l l e r  used . Other f i l l e r s  may provide th ix o tr o p ic  
properties,prod uce surface hardening or g ive the r e s in  s e lf -e x t in g u is h in g  
p ro p ertie s  .Powders gen era lly  in crea se  compression, fib ro u s f i l l e r s ,  such as
a sb esto s , (.A m osite),increase t e n s i le  properties.Alum inium  oxide i s  u se fu l  
fo r  surface hardening, w hile s i l i c a  powder or antimony tr io x id e  provide  
th ix o tro p ic  and s e lf -e x t in g u ish in g  p ro p ertie s  resp ec tiv e ly .T h e  la t t e r  
i s  a lso  most su ita b le  to  provide opacity.H igh temperature a p p lica tio n s  
u s e fu lly  adopt g ra p h ite ,or  more g en era lly  a sb estos in  the form o f  
O hrysotile,(H ydrous magnesium s i l i c a t e ) ,  which w ith s i l ic o n e  r e s in  
provides lam inates with heat r e s is ta n t  c a p a b ility  up .to  650°C.Another 
form o f  a sb e sto s ,G r o c id o lite , has high r e s i s t i v i t y  to  ac id  a tta ck .
Since th e ad d ition  o f  f i l l e r s  con tro l the flow  o f  the r e s in
and ,in  most c a se s ,in c re a se  the curing t im e , i t  i s  n ecessary  to  l im it  the  
percentage w ith in  the compound.lt is ,h o w e v e r ,in e v ita b le ,in  some 
in s ta n c e s ,th a t  excess q u a n tit ie s  o f  c a ta ly s t  and a cce lera to r  are required  
to  m aintain the g e la tio n  and s e t t in g  c h a r a c te r is t ic s  o f  the re s in . For 
most p rocesses the maximum f i l l e r  content recommended fo r  lam inates i s  
not greater than 3
I . 2 .3 . Reinforcem ents.
The u ltim ate  d irec t t e n s i le  and compressive stren gth s o f  
p la s t i c s  m ateria ls used  in  the con stru ction  in d u stry  are g en era lly  h igh , 
but the modulus o f  e l a s t i c i t y  i s  low.To in crea se  th ese  p r o p e r tie s  and
improve the impact r e s is ta n c e  o f  p la s t i c s , f ib r e s  are used  to  re in fo rce
the r e s in  m atrix m aterial.T he most freq u en tly  used re in fo r c in g  f ib r e  i s  
g la s s  f ib r e , although where lam inates do n o t,b y  the nature o f  th e ir  d esign , 
req u ire such high strength  rein fo rcem en t,o th er ,n a tu ra l or sy n th e tic  f ib r e s  
may be ad op ted .In organ ic ,n a tu ra l,m ateria ls  used fo r  reinforcem ent in clu d e  
c o t t o n ,s i s a l ,j u t e  and h e ss ia n ,w h ile  sy n th etic  f ib r e s  may be te r y le n e  or 
nylon . Other re in fo rc in g  f ib r e s  may iraart e ith e r  h igh  s tren g th ,h ig h  modulus 
or usab le  p h y sica l p ro p ertie s  a t high tem perature.These l a t t e r  may be used  
e ith e r  sep arately  or in  combination w ith g la ss  f ib r e  to  provide  
excep tion a l stru ctu ra l p r o p e r t ie s ,s ig n if ic a n t ly  more e f f i c i e n t  than the
use o f  equ ivalen t m etal counterparts,Boron and carbon f ib r e s  are in  t h is  
category,T he in organ ic ,n a tu ra l reinforcem ents mentioned although forming 
a l e s s  expensive lam inate,have l e s s  a v a ila b le  stren gth ,w eathering ana 
water a’bsorbtion p ro p erties ,a n d  are l e s s  e f f ic ie n t  than g la ,ss .S im ila r ly  
the sy n th e tic  f ib r e s ,w h ils t  provid ing b e t te r  p ro p er tie s  than the 
n atu ral f ib r e s  are a lso  l e s s  e f f e c t iv e  than g la s s ,
1 ,2 .3 d *  B r ie f  h is to ry  o f g la ss  f ib r e .
Natural g la ss ,o b sid ia n ,w a s  formed when molten p a rts  o f  the  
ea r th 1s cru st coo led  too ra p id ly  to  permit m ineral form ation by  
cry sta liisa tio n ,C h em ica l analyses o f  obsid ian s from America and New 
Zealand show i t  to  be between 50 — fo s i l i c a  and c lo s e ly  approximating 
to  some present day commercial g la s s  com position s*P reh istoric  man cold­
shaped and fa b r ica ted  a r t ic le s  from t h is  n atu ra l g la s s ,b u t although he 
a lso  learned  to use f i r e  there i s  no evidence o f  h is  b e in g  able to  h ea t-  
form the m ateria l or produce fib ro u s form,The evo lu tion  o f  p o ttery  
brought about g laz in g  tech n iq u es,th e  e a r l ie s t  knovm b eing  a green g laze  
ap p lied  to a stone bead dating from Egyptian a n tiq u ity  about 12 ,000  BC»
The f i r s t  evidence o f  large  sca le  g la ss  production d ates from 
1500 BC, again in  Egypt, and from which date,m ethods o f  manufacture 
inclu ded  sand-core moulding fo r  b o ttle s ,b ea d s,a m u le ts  and la t e r  sm all 
cLisheseT ra d itio n a lly  the o r ig in  o f  g la ss  production i s  a ccred ited  to  
Phoenician s a ilo r s  or m erchants,Their d iscovery  th a t the f lu x in g  a c tio n  
by sn. a lk a l i  oxide on sand, (SiOg),when both in  Intim ate contact are  
subjected  to  heat,form ed a c lea r  v iscou s l iq u id  which s o l id i f i e d  on
r
co o lin g .
The f i r s t  fib rou s form ever produced was v o lcan ic ,term ed  
"P ele’ s h a ir ”,which although undoubtedly formed in  a n tiq u ity ,w as f i r s t  
n o tice d  and c o lle c te d  during and a fte r  the eruption o f  Mount Vesuvius 
in  1906 when molten lava  was blown in to  the a ir  by b u rstin g  bubbles o f
the -eruption and dram out by strong winds, in to  f in e  filam en t s . The . 
p rocess o f drawing g la ss  in to  filam en ts was known by E nglish  and French 
s c ie n t i s t s  in  the la t t e r  part o f  the 17th . century,and in  1332 an 
operation-w as .described in  which threads o f  g la ss  were m echanically  
dram and c o lle c te d  onto a revo lv in g  drum from a hot g la ss  gob which was 
formed on the end o f  a blowpipe.Commercial use o f  g la ss  f ib r e  in  woven 
forms were ex h ib ited  in  Chicago in  1893*the filam en ts having been 
produced in  a sim ilar  manner a s -described above.
The Coming g la ss  works began experim enting w ith p ro cesses  
fo r  f ib e r iz in g  g la ss  in  192 6 ,and in  1929 -  3 0 ,the Owens -* Com ing g la ss  
Company developed a process fo r  steam or a ir  b la s t  a tten u ation  o f  g la ss  
f ib r e s  from a platinum m elting cru cib le .T h ese  two companies developed  
and improved techniques and i t  was found th at a f ib r e  strand composed o f  
many small diameter continuous filam en ts could be m echanically  drawn 
from a bushing.The development o f  uE!t g la ss  com position w ith improved 
e le c t r ic a l  p ro p e r tie s ,u s in g  g la s s  marbles, ensued in  rap id  su ccess io n .In  
1938 the Owens -  Coming F ib erg las Corporation was form ed,the e n tir e  
e f fo r t  being d irected  towards e le c t r ic a l  equipment manufacture and 
although s tra n d s ,y a m s,ta p es  and c lo th s  were produced,no thought was 
given to  combining them w ith r e s in s  to  form g la ss  re in fo rced  p la s t i c s .
A reported m istake by the Owens -  Coming F ib erg las Corporation in  194-0 
le d  to  g la ss  f ib r e  being  used as reinforcem ent for p la s t ic s  m a ter ia ls .A s  
a conseq uence,th is company have h e ld  p a ten ts  fo r  t h is  technique fo r  many 
years.
1 .2 .3 .2 .  Glass f ib re  reinforcem ent s .
G lass fib re  i s  one o f the stron gest m a ter ia ls  known to  m an ,it
? p
has a t e n s i le  strength o f  between 2 .8  kN/mm - 3 . 5  ktf/mm and i s  
dimen s i  on a l ly  s ta b le . G lass f ib r e  can w ithstand heat up to  6 0 0 °C ,is  
chem ically  in ert,in com b u stib le  and has a m oderately high value o f
2 2 e la s t ic  modulus, (73*5 klT/ram ),b u lk  modulus o f  35 Ml/mm and a P o isso n 's
r a t io  o f  approxim ately 2 .2 .The creep o f  g la ss  under lo a d  i s  extrem ely
sm all and i s  u su a lly  assumed to  be n il.T h e  c o e f f ic ie n t  o f  l in e a r
6 oexpansion i s  14*04 x 10“ /  G,hardness o f  between fe ls p a r  and quartz
in  the hardness ta b le  o f 6 .5  and a percentage e longation  o f  
approxim ately 3*5*The- m ateria l obeys Hooke*s law.
There are two main typ es o f  g la ss  used in  connection w ith  
reinforcem ent to  p o ly e s te r  r e s in ;~
(1) wEh g la s s  — Low a lk a l i ,  ( l e s s  than 1$ Na^O ) , i t  i s  termed sodsir-free
g la ss  and has good e le c tr ic a l,w e a th e r in g  and water 
r e p e lle n t  p r o p e r tie s .D e n s ity  = 2.55*
(2) mAm. g la s s  -  High a lk a l i ,  (between 10% -  15%> N agO jjit has a good
r e s is ta n c e  to  m ineral a ttack  and i s  used in  nu clear
a p p lica tio n s ,b u t general stren gth  p ro p er tie s  are below
those o f  "E” g la s s .
Other g la ss  forms w ith high modulus o f e l a s t i c i t y  and u ltr a
high strength  have been produced and are known as House Hi-Ind. and 29A,
2
w ith m odulii o f  e l a s t i c i t y  o f  117 and 133 MT^ nm r e s p e c t iv e ly , and *3-994
2
having a t e n s i le  stren gth  o f  4 .5 5  Idf/mm .
The d erivation  o f  gla,ss f ib r e  reinforcem ents i s  shown in  
FIG-.5*>*the molten g la ss  being formed from 21mm diameter g la s s  spheres 
fo r  the marble p r o c ess ,o r  a s  raw g la ss  batch in  the d ir e c t m elt p ro cess . 
The molten g la ss  i s  e ith e r  dram or blown depending upon th e  end product 
required.From -the fig u re  i t  can be seen th a t in  manufacture the fila m en ts  
are bundled i n i t i a l l y  in to  strands, and then in to  y a rn s,th e  y a m s being  
i*ed onto loom ree ls ,w h ich  i s  the cheapest form o f  producing continuous 
roving, (BS 3^9l)*These may be used u n id ir e c t io n a lly ,o r  may be tr a n s la te d  
in to  numerous other forms o f  re in fo rcem en t.lt  may be used in  th e yam  
s ta te  and chopped in  the depositor fo r  spray lay-up or as a continuous 
wound reinforcem ent in  the filam en t winding process*The common
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reinforcem ents manufactured are as fo llo w s
(a) Chopped Strand Hat, (BS 3t-9&).
This i s  the most common form, c o n s is t in g  o f len g th s o f
approxim ately 50rom,randomly o r ien ta ted  strands,bonded togeth er w ith
a d h esiv e ,in  mat r o l ls .T h is  type o f  reinforcem ent i s  id e a l for  wet hand
2
lay-up contact moulding.The w eight g en era lly  used i s  ij-  o s / f t  , in  
standard 80m r o l l s ,  other standard w eights being lo z  and 2os.
(b) Woven. Roving, (BS 3 3 9 6 * p ts .l ,2  and 3)* •
2The standard range o f  weaving i s  between 6oz/yd  and 2 8 .A
2oz/yd  ,th e  l i g h t t i g h t  fa b r ic s  o ften  producing lam inates o f  h igher  
t e n s i le  strength  than the h eav ier  fa b r ic s  o f  sim ilar  weave, (depending 
upon the in terlam inar shear con d ition s).T h e type o f  weave a lso  a f f e c t s  
strength  p ro p erties  d ir e c t io n a lly , and may be o f  balanced or unbalanced  
form .This type o f  reinforcem ent i s  more c o s t ly  than chopped strand mat, 
but i s  commonly used in  conjunction vdth it .T h e  in terlam inar adhesion  
o f  woven roving i s  not so e f f i c i e n t  as th a t o f  chopped strand mat,and 
th erefore  i t  "is not o ften  used a lo n e ,I f  i t  i s  used in  conjunction w ith  
other rein forcem en ts,a  balanced con stru ction  i s  n ecessary  in  order to  
avoid warpage.
(c ) Surface T issu e,
C onsists o f  randomly o r ien ta ted  s in g le  fila m en ts  and i s  used  
for  surface reinforcem ent to  g e l co a ts .
(d) Yioven Tape.
Various width and w eight, though g en era lly  lig h tw e ig h t.U su a lly  
o f double diagonal t w i l l  weave,having excep tio n a l stren gth  c h a r a c te r is t ic s  
along both p r in c ip a l axes and th u s very u se fu l fo r  jo in t in g  m aterial.. 
Nowadays o ften  pre-im pregnated w ith r es in  fo r  pressure a p p lic a tio n .
(e ) Stranded'U nid irectional Roving, (Cord reinforcem ent (6mm), and
(3mm).
A very  u se fu l,n a tu r a l development which a llow s much e a s ie r
p la c in g .I t .  m ain tains a concen tra tion  o f filam en ts  r a th e r  than  the n a tu ra l  
d isp e rsa l o f simple u n id ire c tio n a l roving,w hich o ften  occurs during lay ­
up. I t  a lso  p rov ides a p e r fe c t  form o f  re in fo rc in g  fo r  ro d s, t i e  b a rs  and 
rec tan g u la r  b a tte n  members. In t h i s  l a t t e r  shape i t  a ffo rd s  a simple 
combination w ith carbon f ib r e s  to  form high grade s t r u c tu r a l  components.
1 .2 .4 . Carbon f ib r e .  •
In v e s tig a tio n s  fo r  a re in fo rc in g  f ib re  which would e x h ib it  a 
g re a te r  s t i f f n e s s  than  g la ss  f ib r e ,b u t  s t i l l  r e ta in  th e  h igh  s tr e n g th /  
weight r a t io  has occupied f ib r e  s c ie n t i s t s  since th e  in tro d u c tio n  o f 
g lass  f ib re  in  r e s in  m atrix  as re in fo rc e d  p l a s t i c . l t  was considered  
lo g ic a l  by resea rch  workers in  t h i s  f i e l d  to  r e f e r  to  th e  p e r io d ic  ta b le  
and to  commence th e i r  in v e s tig a tio n s  w ith  Hydrogen and he liu m ,th e  
elem ents o f in te r e s t  be ing  Beryllium ,Boron and Carbon.These l a t t e r  are 
a l l  o f  low d en s ity  and e x h ib it a t t r a c t iv e  p ro p e rtie s .T h e  la rg e ly  co­
v a len t in te r-a to m ic  bond in  carbon i s  s tro n g er and more a lig n ed  than  th e  
bonds o f  bery llium  and boron. F u rth e r, in  m anufacture ,bery llium  i s  very  
to x ic , while boron can only be formed by decomposition from th e  vapour 
phase. Such techniques cannot compare and compete vdth the  ‘‘c h a rr in g ’1 o f 
a man-made te x ti le ,w h ic h  i s  e s s e n t ia l ly  how high modulus carbon f ib r e  
i s  produced.
The B r i t i s h  P a ten t No. 1 ,110,791*(A pril 1964) , o f  JOHNSTON,
13PHILLIPS and WATTS .o f  th e  Royal A irc ra f t  E stablishm ent,Farhborough, 
showed th a t  such f ib r e s  could be produced and used in  r e s in  m a trix  to  
provide the enhanced p ro p e r tie s  required.FIG -.6 . , shows the  comparison o f  
te n s i le  s tren g th  and modulus o f carbon f ib r e  vdth o th e r  s t r u c tu r a l  
m a te r ia ls .
The N ational Research Development C ouncil,(N .R .D .C .) , to o k  
over from th e  R .A .E .,to  handle th i s  new m a te r ia l,s e v e ra l  tim es s tro n g e r  
than s te e l ,b u t  only  a q u a rte r  o f  i t s  w eight,and lic e n c e s  were is s u e d  to
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Courtaulds and Uorganite fo r  t h e i r  m anufacture.H arw ell developed and . 
i expanded the  R.A.S. p ro cess  and supplied  R o lls  Royce vdth the  means to  
produce experim ental fan  b lad es  in  o rder to  gain th e  co n tra c t fo r  the 
KB 211 j e t  engine*The re s u l t in g  success o f th e  m a te ria l and th e  re c en t 
economic tragedy  o f R o lls  Royce are  w ell known,but because o f the  
re sea rch es  by v arious b o d ie s ,th e  m a te r ia l has now been vddely accep ted  
and used in  a i r c r a f t  and space v eh ic le  production,,
Typical s t r e s s / s t r a in  graphs,PIG-*7• 5 show th a t  carbon f ib r e s  . 
have no y ie ld  or p ro o f c h a ra c te r is t ic s  and are  e l a s t i c  throughout t h e i r  
range to  m tim ate  T ensile  S treng th , (U T S ).S im ilarly ,percen tage s tr a in  a t  
f a i lu r e  i s  very  nom inal, and th u s  as a s t r u c tu ra l  m a te r ia l, Carbon F ib re  
R einforced P la s t ic ,  (G .F .R .P .) , i s  f a r  su p erio r to  orthodox design in  
m etal o r a llo y .A t a .d es ig n  s tr e s s  o f 0.75 UTS,the high  modulus composite 
m i l  w ithstand  loads 50fo h igher than m etals w ithout permanent deform ation. 
I t  i s  a lso  seen th a t  i f  th e  s t r a in  i s  m aintained a t  a low l e v e l , ( l e s s  
than  2 ^ ) ,crazing  o f the  re s in  m atrix  i s  n o t ev id en t,an d  th e  e f f e c ts  o f 
m oisture p e n e tra tio n  are  reduced to  a minimum,it be ing  r e a l i s e d  th a t  
absorb tion  o f m oisture in  re in fo rc e d  p la s t i c s  can reduce th e  e f f e c t iv e  
s tre n g th  by as much as 15/!>The nominal e longation  a lso  p ro v id es  a 
s u ita b le  m a te ria l fo r  sp ring  s tru c tu re s* a  sk i being  a good example.
Typical p h y s ica l and mechanical p ro p e r tie s  and comparison 
w ith  o th e r m a te r ia ls  ore shown in  TABLE *2 ., where i t  i s  seen th a t  
. g en era lly  th e  p ro p e r tie s  shown exceed those o f the o th e r  r e in fo rc in g  
m ateria ls .T h u s fo r  example the  comparison vdth s te e l ,  co n sid e rin g  u n it  
value fo r  th e  l a t t e r  m a te r ia l.
Carbon F ibre ________________  1 n __________
S p ec ific  modulus 8 .5  6 .5
S p ec ific  t e n s i le  s tren g th  2 .0  3*3
E la s t ic  modulus 2.0 1 .5
U ltim ate te n s i le  s tre n g th  0 .5  0.75
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MATERIAL SPECIFIC
MODULUS
mm x 10^
SPECIFIC
TENSILE
STRENGTH
n n6 mm x 10
FILAMENT
DIMETER
mm x 10
DENSITY 
N/mx? x
ich 6
ELASTIC
MODULUS
O
Idl/mm
ULTIi£ATS
TENSILE
STRENGTH
N/imr
MODMOR 
Type: 2 
High 
Modulus
19.30
22.86
70.40
105.50
7 .62 19.9 385
455
1400
2100
MODMOR 
Type 2
14 140 7.62 17 A 5 245 2450
High
S treng th
18 180.5 315 3150
S te e l
(Drawn
■sire)
2 .7  
» .
36
54
7 6 .2 77 .5 210 2800
4200
S-Glass 2.7 137.0 10.2 25.5 70 5500
B—G lass 2 .7 68.6 10.2 25.5 70 1750
Boron 13.3 133.0 102.0 26.3 350 3500
Aluminiun 2 .6 18.2 26.87 70 490
Beryllium 17 .2 57.0 28.3 315 1050
-  COMPARISON OF TYPICAL PROPERTIES OF FILAI/EITTARY MATERIALS -
-  TABLE v 2 . -
ELASTIC
MODULUS
kN/nm
U.T.S.
/ 2N/mm
STRAIN-
AT
YIELD
%
SHEAR
STRENGTH
M/mm^
SHEAR
MODULUS
kH/mm
POISSON*S COEIF. OF 
RATIO EXPANSION- 
x LO~6/°C
type
380 1730 0 .5 470 27.6 0.26 0 .7 1
255 2410 1 .0 470 27.6 0.26  0 .5 11
-  ' TYPICAL PROPERTIES OP CARBON FIBRE -  
-  TABLE .3
... The TABLE.3*, showing o th e r  ty p ic a l  p ro p e r tie s  o f use in  
design, f o r  th e  two types o f carbon f ib r e  produced, d es ig n a tes  th a t ,  due to  
c o s t, the  most im portant type o f carbon f ib r e  to  th e  b u ild in g  in d u s try  i s  
th a t  ex liib itin g  th e  p ro p e rty  o f high modulus.
The b u ild in g  in d u stry ,u n ab le  to. compete w ith  th e  economics o f
0
the  a i r c r a f t  o r space in d u s try , which has qu ick ly  adopted th e  algorithm  
14o f BSDvTELL , as  shown i n  FIG.8 . , r e a l i s e d  among i t s  re se a rc h e rs ,in c lu d in g  
th e  au thor, th a t  i f  carbon f ib r e  could be in troduced  in  sm all p ro p o rtio n  i 
and in  combination w ith  th e  cheaper g la ss  f ib r e  in  a re s in  m atrix , some 
enhancement o f  modulus, and o th e r p ro p e r t ie s ,  should r e s u l t .  In  th i s  th e s is  
the b a s ic  te s t in g  o f  g la ss  and carbon f ib r e  re in fo rc e d  p la s t i c s  
composites have been in c lu d ed  w ith in  th e  chap ter on testin g .U arb o n  f ib r e  
i s  now a v a ilab le  in  s in g le  and m u lti—tov/,m ulti-tow  tap e  and as  chopped 
s tra n d  mat, thus re a d ily  allow ing g r id  o r lam inate combination w ith  g lass  
f ib r e .
1.3# General concents o f design .
In  FIG .7.j the  curves in d ic a te  ty p ic a l  s t r e s s / s t r a in  r e l a t io n ­
sh ips fo r  s te e l ,  aluminium a llo y , g la ss  re in fo rc e d  and carbon f ib r e  
re in fo rc e d  p la s t i c s  and carbon f ib r e  as a sep ara te  m a te r ia l.F o r  most 
m etals th e  u ltim a te  te n s i le  s tre n g th  i s  about the same as the  0 .5 /  
e l a s t i c  s tr e s s  and th e  r a t io  y ie ld  s tr e s s /u l t im a te  t e n s i l e  s t r e s s , i s  
no t g re a tly  d if f e re n t  from y ie ld  s t r e s s /  0 .5 /  e l a s t i c  s tress.F ro m  th e  
f ig u re  the  y ie ld  p o in t fo r  s te e l  i s  seen to  be a t  0 .3 7 /  s t r a i n . I f  th e  - . 
s te e l  behaved e l a s t i c a l l y  to  f a i lu r e  th e  s tr a in  would be 0 .4 8 / , th u s  
approxim ately 0 . 5 / , S im ila rly  fo r  th e  ty p ic a l  a l lo y ,th e  0 .1 /  p ro o f s t r e s s  
produces a s tr a in  o f 0.37/*Due to  non—lin e a r  behaviour t h i s  becomes 0 .4 7 /,  
however i f  the  m a te ria l was t r u ly  e la .s tic  to  f a i lu r e  th e  corresponding 
s tr a in  would be 0 .4 2 5 /.
The curves fo r  carbon f ib r e  show i t  to  be e l a s t i c  up to
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u ltim a te  fa ilu re .T h e re  are no y ie ld  o r p ro o f c h a r a c te r is t ic s .
From the curve fo r  a, g la s s /  r e s in  composite i t  i s  seen th a t  
r e s in  crazing occurs at approxim ately 1 .5 /  s tr a in ,th e r e a fte r  reducing  
the s t i f f n e s s  o f  the composite.The curves o f  both carbon f ib r e  
com posites never reach the l im it  o f  s tra in  at which r e s in  crazin g  occurs  
and th erefore  th e ir  s t i f f h e s s  remains u n affected .F or the d esigner u sin g  
s t e e l  the s tra in  i s  l im ite d  to  approxim ately 0 . 4 / , but i f  he had a. 
m ater ia l which would stra in  e la s t i c a l ly  up to  0 .5 /  then the s tr e s s  
l e v e l  adopted could be some 20 — 2 5 / h igh er.F or a. design s tr e s s  o f  
0.75  x u ltim ate  t e n s i le  s tren g th ,a  high stren gth  f ib r e  stru ctu re  w i l l  
w ithstand load s 50/  h igher than m etals a t th e ir  u ltim ate  s tr e s s  w ithout 
permanent deformation and w i l l  recover com pletely on removal o f  the load* 
High modulus f ib r e s  at 0 .75  x  u ltim a te  t e n s i le  s tr e s s  w i l l  su sta in  th e  
same loads e,s metal stru ctu res at proof lo a d  and have a generous margin 
o f  sa fe ty  for overload without permanent damage.
Although overloads sh o rt o f the  u ltim a te  w i l l  have no e f fe c t  
on the  carbon f ib re  re in fo rc e d  co m p o site ,it would have destroyed  the  
s tr u c tu r a l  in te g r i ty  o f  the m etal s tru c tu re , a reasonable f a c to r  o f 
s a fe ty  i s  th e re fo re  o f g rea t im portance.For th e  m etal s tru c tu re ,  overloa.d 
fo r  the designed cond itions w i l l  le a d  to  lo c a l  p l a s t i c  s t r a in  and a 
r e d is t r ib u t io n  o f  th e  loacLHowever in  th e  carbon f ib r e  s tru c tu re  a 
lo c a l  overload  i s  safe u n t i l  th e  lo c a l  s t r e s s  exceeds th e  u ltim a te  v a lu e , 
when a s u b s ta n tia l  in c rease  in  lo ad  w i l l  occur in  the  surrounding p a r ts ,  
th e re  being no r e l i e f  due to  re  d is t r ib u t io n  .T h is  could le a d  to  t o t a l  
f a i lu r e  o f the s tru c tu re  and th u s  th e  s a fe s t  course in  a complex 
s t r u c tu ra l  co n fig u ra tio n  i s  to  allow  a generous s a fe ty  margin s ince  th e  
s tren g th /w eig h t an d .m o d u lu s/w eig h t'ra tio s  w i l l  s t i l l  show advantage over 
th e  s im ila r  m etal s tru c tu re .
The mechanical p ro p e r tie s  o f a ty p ic a l  composite are  su b jec t 
to  wide v a r ia tio n  s ince many f a c to r s ,  se p a ra te ly  or in  combination,may
e f fe c t iv e ly  reduce p ro p e r tie s  determ ined by la b o ra to ry  t e s t .  In  design , 
th e  p o ss ib le  e f f e c ts  which could cause s tre n g th  red u c tio n  must be 
c a re fu lly  considered  in  a sse ss in g  th e  maximum s tr e s s  a v a ila b le  fo r  load  
capacity ,T hese in c lu d e : -
(a) Atmospheric w eathering:
Depends upon the  degree o f  exposure and th e  e f fe c tiv e n e s s  o f  
th e  gel c o a t ,o r  su rfac in g  m a te r ia l,F o r  normal composites w ith  ge l coat 
f in is h  th e re  i s  g en era lly  a tendency to  in c rease  in  s tre n g th  f o r  th e  
f i r s t  few m o n th s,a fte r which a slow red u c tio n  occurs,The i n i t i a l  in c rea se  
i s  thought to  be due to  a d d it io n a l  cu ring  o f  th e  r e s in  by u l t r a - v io l e t  
l i g h t ,  and hea t from th e  sun .T h is i s  shown in  FIG-.9,
(b) Degree o f cure:
The ty p ic a l  exotherm fo r  an u n f i l le d  r e s in  i s  shown in  FIG-.10. 
.Bigh ambient r e la t iv e  hum idity w il l  produce weakened lam inates  in  th a t  
du ring  cure the  r e s in  w il l  absorb water, which w il l  form steam a t  th e  
peak exotherm o f th e  cure.W ater may a lso  a c t as an in h ib i to r  in  th e  
curing  re a c tio n  and delay  g e la tio n  tim e. Severe undercure w i l l  produce a 
s o f t  lam in a te ,b u t s l ig h t  under cur e^which i s  le s s  obvious, could a lso  
cause ra p id  d e te r io ra t io n  o f  th e  lam inate  under severe co n d itio n s,C u re  
may be follow ed by t e s t in g  a t  in te r v a l  u s in g  a Barcol Im p resso r,a  
p o r ta b le  instrum ent w ith  hardened s te e l  in d e n te r  d i r e c t ly  r e la te d  to  a 
d ia l  gauge on which th e  Barcol hardness numbers may be re a d .F u lly  cured 
u n f i l le d  c a s t p o ly e s te r  r e s in s  u su a lly  have a B arcolhardness o f  between 
2$ and 50 .F i l l e r s  and reinforcem ent can cause considerab le  lo c a l  
v a r ia t io n - in  the  read in g s ,
(c) Temperature e f fe c ts  o u tsid e  th e  normal s t r u c tu r a l  range;
FIG -.ll.,show s th e  general s tr u c tu r a l  range and the e f f e c ts  o f  ex cessiv e  
h ea t o r co ldness,E xcessive hea t causes th e  r e s in  to  depolym erise and 
b reak  down r e s u l t in g  in  ra p id  decrease in  s tren g th ,w h ile  in  v ery  co ld  
cond itions th e  r e s in  becomes b r i t t l e  and th e  g lass  s tre n g th  in c re a s e s .
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Mechanical p ro p e r tie s  are  a lso  su b jec t to  v a r ia t io n  from :—
(a) Type o f r e s in :
A v a r ie ty  o f p o ly e s te r  r e s in s  were d iscussed  in  1*2*1*,where 
p a r t ic u la r  p ro p e r tie s  a re  a v a ila b le  depending upon th e  in g red ien ts*  
F i l l e r s  extend a p a r t ic u la r  p ro p e rty  up to  an optimum p ercen tage content* 
Curing chem icals and th e  type o f  cu ring  f u r th e r  d isp e rse  th e  p ro p e r ty  
v a ria tio n *
B esins o th e r th an  p o ly e s te rs  produce new s e ts  o f  m echanical 
properties*H ow ever co s t may p rec lu d e  use d esp ite  enhanced p ro p e r ty ,o r
■ i
co n v erse ly ,th e  in c re a se  i n  m echanical p ro p e rty  may more th a n  j u s t i f y  
th e  in c re a se  in  cost .These l a t t e r  a re  th e  epoxy re s in s*
(b) Be s in  /  re in forcem ent r a t io :
FIGS* 13 and 14 *, show th e  a l t e r a t io n  in  s tre n g th  and modulus 
c h a ra c te r is t ic s  due to  th e  p ercen tage con ten t o f re in fo rcem en t* It i s  
g en e ra lly  seen th a t  by in c re a s in g  th e  rein forcem ent con ten t an enhanced 
m echanical p ro p e rty  i s  achieved*There is ,h o w ev er,a  p r a c t i c a l  l im i t in g  
percen tage depending upon method o f  lam inate  manufacture*The optimum 
percen tage o f reinforcem ent f o r  lam in a tes  produced by hand lay -u p  i s  
l im ite d  to  approxim ately b-0% due to  th e  d i f f i c u l ty  o f  w e ttin g  out o f 
th e  re in fo rcem en t* th is  percen tage may be in c rea se d  where p re ssu re  i s  • 
ap p lied  in  th e  m anufacture*It i s  c le a r  from th e  f ig u re s  th a t  any 
v a r ia t io n  from th e  sp e c if ie d  re  s in /g la s s  r a t i o  can cause a co n s id e rab le  
change o f t e n s i le  property*T his i s  a lso  t ru e  fo r  o th e r m echanical 
p ro p e rtie s*
(c) Type o f re in forcem ent and o r ie n ta tio n :
The general types o f  re in forcem ent were d iscu ssed  in  1*2*3*, 
g la s s , in  p a r t i c u la r , in  1*2*3*2*FIG*14*,shows th e  e f f e c t  o f  d ir e c t io n a l  
p la c in g  o f  reinforcem ent w ith  re sp e c t to  t e n s i l e  strength*From  th e  
c u rv e s : i t  i s  seen th a t  s tre n g th  decreases in  r e la t io n  to  o r ie n ta t io n  o f 
reinforcem ent from th e  d ire c tio n  o f th e  a p p lied  s t r e s s * I t  i s  th e re fo re
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So
ev iden t th a t  by p la c in g  th e  rein forcem ent in  th e  d ire c tio n  o f a p p lied  
s t r e s s .a  g re a te r  s tre n g th  i s  p rovide d.1?rom t h i s  i t  fo llow s th a t  random 
reinforcem ent o f chopped s tran d  mat i s  r e la t iv e ly  weak when used a lo n e , 
a lthough many forms o f  co n s tru c tio n  a re  m anufactured in  t h i s  manner fo r  
cheapness and s im p lic ity  o f design in  th a t  t h i s  m a te r ia l i s  assumed to  
he iso tro p ic ;  i t  may be shoTm by experim ent however th a t  a red u c tio n  o f 
1 /7  occurs a t  r ig h t  ang les to  th e  d ire c tio n  o f  m ajor s t r e s s .
(a) Creep under load :
C lass reinforcem ent d isp lay s  very  nominal creep under lo a d  
and g en era lly  t h i s  value may be assumed to  be z e ro ,b u t th e  r e s in  m a trix  
w i l l  creep to  a vary ing  degree depending upon le v e l  o f  s t r e s s  as a 
percen tage o f U .T .S .,d u ra tio n  o f  lo ad in g  and th e  tem perature  co n d itio n s  
w hile th e  lam inate i s  loaded.M at,random re in fo rc e d  lam inates  are  
i n f e r io r  in  t h i s  re sp e c t to  those  d ire c t io n a lly  re in fo rc e d .
(e) C yclic load ing :
Class re in fo rc e d  p la s t i c s  compare very  favourab ly  w ith  m etal 
p a r t ic u la r ly  since the  m a te r ia l i s  e l a s t i c  to  f a i lu r e .U C . 1 2 . , shows 
fa tig u e  fo r  a ty p ic a l  c lo th  la m in a te .l t  i s  o f  in t e r e s t  to  note th a t  
f o r  a s t r e s s  le v e l  g re a te r  than  l+Of0 U .T .S .,a  m etal s tru c tu re  would have 
im m ediately co llap sed .
(*) Consistency o f  lam inate  and geometry o f  sec tio n :
Laminate consis tency  and q u a li ty  co n tro l i s  a f u r th e r  
v a r ia b le  where an otherw ise w ell designed element can be a source o f 
f a i lu re .T h is  i s  p a r t ic u la r ly  t ru e  w ith  lam inates u s in g  random 
reinforcem ent in  th e  form o f  chopped s tra n d  mat where th e  non- 
homogeneous n a tu re  o f th e  m a te r ia l  may cause a co n sid e rab le  a l t e r a t io n  
to  th e  consis tency . S treng th  w i l l  v ary  w ith  th e  in co n s is ten c y  o f  th e  mat 
and w ith in  th e  r e s in  r ic h  o r g la ss  r ic h  a reas  o f th e  la m in a te .M u lti­
la y e r  lam inates e x h ib it reduced in co n sis ten cy  p rov ided  th a t  th e  
sp e c if ie d  r e s in /g la s s  r a t io  i s  m ain tained  th roughou t,and  th a t  where
woven c lo th  reinforcem ent i s  adopted,random mat re in forcem ent i s  a lso  
used a l te rn a te ly  to  p rovide good in te r la m in a r  adhesion between th e  
d ire c t io n a l  re inforcem ent and r e s in  m atrix .
O ther common f a u l t s  a f fe c t in g  appearance and perform ance o f  
g la ss  re in fo rce d  p la s t i c s  r e l a t e  to  q u a lity  co n tro l during  m anufacture. , 
These may be b r ie f ly  l i s t e d : -  *
(1) Solvent a t ta c k  on th e  gel co a t by th e  monomer o f th e  lam in a tin g  
r e s in  due to  under cure o f  th e  g e l co a t,cau sin g  w rin k lin g .
(2) The entrapment o f  a i r  bubbles befo re  gelation,w hen th e  r e s in  i s  too  
v iscous o r has a high f i l l e r  co n ten t,c au sin g  e i th e r  p in -h o lin g  o f th e  
gel c o a t ,o r  more s e r io u s ly ,b l is te r in g .T h e  l a t t e r  shows th a t  delam ination  
has occurred and i s  caused by th e  im perfect w ettin g  o f th e  re in fo rcem en t 
by the  r e s in  during im pregnation.
(3) Crazing o f  th e  r e s in  su rface  a sso c ia te d  w ith  r e s in  r ic h  a reas  and 
caused by the  use o f u n su itab le  r e s in  in  r e la t io n  to  th e  th ick n ess  o f  
th e  gel co a t.
(4) Leaching,a se rio u s  fa u lt,w h ic h  occurs a f t e r  exposure o f  th e  lam in a te  
to  w e a th e r in g .lt  i s  c h a ra c te r is e d  by th e  lo s s  o f r e s in  from th e  lam inate  
leav in g  th e  g lass  f ib r e s  exposed to  a t ta c k  by m o istu re ,an d  in d ic a te s  
th a t  e i th e r  th e  r e s in  has not been adequately  cured or th a t  an 
u n s a tis fa c to ry  r e s in  has been used.
Glass re in fo rc e d  p l a s t i c s  a re  no t very  r ig id  and may be 
s t i f fe n e d  b y :-
(a) Increase  in  g lass  lo ad in g  from th e  in tro d u c tio n  o f u n id ire c tio n a l  
•reinforcem ent where p o s s ib le .
(b) The use o f  flan g es  on a l l  edges.
(c) The use o f  r ib s  o r c o rru g a tio n s .
(d) Increase  o f  w all th ick n ess  by f u r th e r  lam in a tio n .
(e) The use o f  curved o r fo ld ed  sec tio n s  r a th e r  than  f l a t  p l a t e s .
( f )  The adoption o f sandwich co n s tru c tio n  in s te a d  o f  simple la m in a te .
(g) The in tro d u c tio n  o f  high modulus carbon f ib re s  in  u se fu l p ro p o rtio n  
w ith  th e  normal g lass  re in fo rcem en t.
1.4* B asic assum ptions o f  design in  re in fo rc e d  p la s t i c s .
(a) The m a te r ia ls  o f  th e  composite a re  assumed to  be f u l l y  bonded. 
T his im plies th a t  a t  a p a r t ic u la r  p o in t w ith in  the  cross s e c tio n  o f  a 
s tre s se d  lam inate th e  s tr a in s  w i l l  be equal un less  sp e c ia l techn iques
a re  employed to  d estro y  th a t  bond.
(b) The m a te ria l i s  assumed e l a s t i c  to  f a i lu r e  and th e re fo re  
obeys Hooke’s law . This has been shown'to./be tru e  f o r  t e n s i l e  a c tio n  
where th e  f ib r e s  e s s e n t ia l ly  c a rry  a l l  th e  s tr e s s ,b u t  due to  th e  
in te r la m in a r  shear between f ib r e  and m a tr ix ,th e  r e s in  must be assumed 
to  c a rry  a s u b s ta n tia l  p o r tio n  o f th e  s tr e s s  .under a shear force.'When 
s tr e s s e s  a re  h ig h ,p la s t ic  flow  occurs le a d in g  to  creep and consequent 
r e d is t r ib u t io n  o f those s tr e s s e s .
(c) When u n id ire c tio n a l  re in fo rcm en ts  are used, such as  woven 
ro v in g s ,th e  f ib r e s  are assumed to  be  s tra ig h t ,a n d  w ith in  th e  l im i t s  o f  
th e  working loads a re  assumed to  be eq u a lly  s tre ssed .T h e re fo re  the 
mechanical p ro p e r tie s  o f  th e  in d iv id u a l m a te r ia ls  and t h e i r  s t r e s s e s
and s tr a in s  may be used in  design.W ith randomly o r ie n ta ie d  re in fo rcem en t, 
such as chopped s tran d  m at,the  s tr e s s e s  in  th e  f ib r e s  w i l l  be a fu n c tio n  
o f  th e  o r ie n ta tio n  o f th e  f ib r e  and consequently  s t r e s s  l im i ts  have to  
be r e la te d  to  the  composite and no t to  th e  in d iv id u a l components.
(d) In  ad d itio n  to  s tre n g th  values i t  i s  necessary  to  know a 
number o f e l a s t i c  co n stan ts  ap p lic a b le  to  th e  lam in a te ,an d ,s in ce  th ese
- A
may have a wide v a r ia t io n ,a n  avere.ge va,lue has to  b e  a.ssumed in  desig n . 
1 .5 * Scope o f in v e s t ig a t io n .
The m echanical behaviour o f  g la ss  re in fo rc e d  p l a s t i c s  
lam inates and a combination o f carbon f ib r e  and g la ss  f ib r e  re in fo rc e d
'p la s t ic s  composites when under lo a d  i s  undertaken by  te s t in g  sm all s iz e  
specim ens.In t h i s  country  th e re  i s  no guidance issu ed  by th e  B r i t i s h  
Standards I n s t i tu t io n  f o r  th e  procedure to  measure th e  b a s ic  s tre n g th  
c h a r a c te r is t ic s  o f th e se  specim ens.Apparatus and t e s t  methods to  determ ine 
th e se  q u a n ti t ie s  have been developed and are  described  in  th e  subsequent 
chap ters  o f t h i s  th e s i s .
With th e  in tro d u c tio n  o f g la ss  cord a more s u ita b le
V
u n id ire c tio n a l  reinforcem ent was made a v a ila b le  to  th e  d esig n er fo r  th e  
problem o f g r id  s tru c tu re  s .  This type o f s tru c tu re  which may a lso  
in co rp o ra te  carbon f ib r e s  in  th e  reg io n s  o f h igh s t r e s s  f o r  in c re a se d  
s t i f f n e s s ,w i l l  be d iscussed  in  th e  fo llow ing  chapters*
Geometric co n fig u ra tio n s  a re  o f  prim ary im portance when 
design ing  w ith  a m a te ria l o f  low e l a s t i c  modulus and modulus o f  r i g i d i t y ,  
and consequently to  in c rease  th e  o v e ra ll  s t i f f n e s s  o f 4th e  s tru c tu re  th e  
in d iv id u a l u n its  are  fo ld ed  or shaped.The arch  and dome geom etries are  
p robably  th e  sim plest and th e  s t i f f e s t  ones a v a ila b le  and i t  i s  th e  
l a t t e r  p r o f i le  th a t  has been u t i l i s e d  in  co n s tru c tin g  a g lass  
re in fo rc e d  p la s t i c s  s tru c tu re  which has formed the  b a s is  fo r  a n a ly s is  
i n  t h i s  th e s i s .
Since ro o f  s tru c tu re s  b u i l t  i n  re in fo rc e d  p l a s t i c s  a re  
lig h tw e ig h t,th e  most severe lo ad in g  cond ition  to  which th ey  w i l l  be 
exposed i s  due to  wind.Wind tu n n e l techniques are  w e ll e s ta b lis h e d  in  th e  
f i e l d  o f aerodynam ics,but in  c i v i l  eng ineering  they  have n o t been 
u t i l i s e d  to  any g rea t ex ten t.T he d is t r ib u t io n  o f  wind p re ssu re  on a 
ro o f  s tru c tu re  i s  very  complex; th e  magnitude and d is t r ib u t io n  vary in g  
•with the  angle o f  in c l in a t io n  and th e  p r o f i le  h e ig h t . I t  i s  th e re fo re  
d i f f i c u l t  to  undertake a p u re ly  m athem atical a n a ly s is  to  in v e s t ig a te  
th e se  param eters •When a model a n a ly s is  i s  to  be undertaken, a lo ad in g  
system derived  from wind tu n n e l a n a ly s is  i s  ap p lied  to  a g eo m etrica lly  
s im ila r  m odel,the model a n a ly s is  w i l l  then  y ie ld  s tr e s s e s  and d e f le c t io n s
which w i l l  be r e la te d  to  th e  p ro to ty p e  s tru c tu re * In  th e  p re sen t 
in v e s tig a tio n  a wind tu n n e l a n a ly s is  was undertaken on two dome 
s tru c tu re s ;o n e  in  which th e  s tru c tu re  had closed  s id e s ,so  t h a t  th e  wind 
was ap p lied  only to  th e  e x te rn a l su rface ,an d  one in  which th e  s id es  were 
open .In  t h i s  l a t t e r  case bo th  i n t e r i o r  and e x te r io r  su rfaces  were exposed
o
to  wind pressure .T he wind p re ssu re  c o e f f ic ie n ts  were th en  used to  
estim ate  th e  wind lo ad in g  on th e  la b o ra to ry  model.Wind tu n n e l technique 
ap p lied  to  c iv i l  eng ineering  s tru c tu re s  i s  p e rm iss ib le  prov ided  th a t  
c e r ta in  b a s ic  l im ita tio n s  a re  accep ted . Y/ind gusts and eddies cannot be 
sim ulated  in  a f re e  flow  in  the  tu n n e l,a lth o u g h  such co n d itio n s  a re  
l i a b le  to  cause the  maximum s tr e s s  con d itio n s  on the  a c tu a l s tr u c tu r e .  •
In  o rder to  r e la te  th e  experim ental procedure to  an a n a ly t ic a l  
o ne ,the  dome s tru c tu re  was rep laced  by an equ ivalen t s k e le ta l  c o n fig u ra tio n  
w ith  estim ated  member s iz e s .U t i l i s in g  t h i s  s tru c tu re  an ev a lu a tio n  o f 
th e  d e f le c tio n  a t  th e  nodal p o in ts  was made and the  s tr e s s e s  were 
estim ated  by a m odified f i n i t e  element a n a ly s is  u sing  th e  nodal p o in t 
fo rc e s  from th e  s k e le ta l  s tru c tu re  an a ly sis .T h e  a n a ly t ic a l  procedure 
however d id  not undertake to  s a t i s f y  th e  tem perature co n d itio n s  
e x is t in g  during the  experim ental in v e s t ig a t io n .
CHAPTER ,2* -A 'PROPOSAL FOR THE STANDARD TEST PROCEDURES TO DETERMINE
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2 .1 . In tro d u c tio n .
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Over th e  l a s t  30 y e a rs  g la ss  re in fo rc e d  p l a s t i c s , i n  which 
a th e rm o se ttin g  r e s in  i s  re in fo rc e d  w ith  g la ss  f ib re ,h a s  been u t i l i s e d  
in  th e  co n s tru c tio n  in d u s try ,b u t i t  i s  su rp r is in g  to  f in d  th a t  th e re  i s  
no code o f p ra c t ic e  in  t h i s  country  which covers th e  m echanical t e s t in g  
o f g lass  re in fo rc e d  p l a s t i c s .
B.S.2782 (I9 7 0 ),p ro v id es  a standard  t e s t ,  (301L ),fo r 
re in fo rc e d  p la s t i c s  in  t e n s io n ;a l l  o th e r t e s t in g  in  t h i s  code co nsiders  
th e rm o p las tic s  and u n re in fo rced  therm oset sh ee t.
Proposed standard  methods fo r  advanced composite a p p lic a tio n
to  be in co rp o ra ted  in to  'A.S.T.M. have been prepared  by GRIMES .and 
2BRONSTAD , These te s t in g  methods a re  ap p licab le  to  specimens in  te n s io n , 
f le x u re  a t  room and e lev a ted  tem p e ra tu re s ,in te r lam in a r  sh e a r ,s id e  and 
end compression on sandwich core and shear modulus.
The te n s i le  specimens adopted by GRIMES.and BROIJSTAD are  
shown in  PIG.15*»arid had a ta p e re d  tab  end,w ith  and w ithout s e lf ­
a lig n in g  holes.The ta p e r  o f 20° -  30° was adopted in  th e  p re se n t 
in v e s tig a tio n  to  induce f a i lu r e  o f  the  specimen away from th e  anchorage 
tab  s . However w ith th e  specimen having a constan t w id th , a la rg e  amount 
o f  anchorage te a r in g  s t i l l  occurred.A s w il l  be shown l a t e r , t o  reduce 
t h i s  e f fe c t  and to  o b ta in  cen tre  f a i lu r e  o f th e  specimen and a more 
r e l ia b le  f a i lu r e  s t r e s s , i n  t h i s  in v e s t ig a t io n ^  durabell sec tio n ,w h ich  
i s  w idely used fo r  th e  t e s t in g  o f  th e rm o p lastic s  specim ens,has been 
adopted fo r  a l l  t e n s i le  t e s t s .
The fle x u re  method o f GRIMES' and BROITSTAD re q u ire d  a 
co rro b o ra tiv e  technique to  determ ine the  f le x u ra l  m odulus.Therefore in
N
th e  p re se n t v;ork in  a d d itio n  to  th e  A. S. T. I,I .method, which has been 
u t i l i s e d ,a  c a n ti le v e r  t e s t  i s  a lso  proposed*
The in te r la m in a r  shear t e s t  o f  GRIMES and BRONSTAD has a lso  
been 'adopted  as a s tandard  t e s t ,b u t  s ince only lam inates were used in  
these  p re se n t in v e s tig a tio n s  th e  compression methods fo r  sandwich 
^construction  were not adopted ,although  when ca rry in g  out p re lim in a ry  
te s t in g  on lam inate tube specimens fo r  crush ing  s tre n g th  i t  was found 
th a t  an expanded foam core p reven ted  lo c a l  spau ling  under th e  load  
p la t te n  and hence proved to  give a more r e l ia b le  assessm ent fo r  the  
crush ing  s tren g th  o f the  specimen*
The A.S.T.M. method fo r  shear modulus adopts a wide p la te
specimen and i s  non -d estru c tiv e .T h e  p re se n t method used and describ ed  in
t h i s  th e s is  adopts th e  simple Techniquipment Torsiom eter apparatus w ith  
an ad ap to r.T h is  t e s t , o f  a d e s tru c tiv e  nature ,w as undertaken so th a t  a 
r e l ia b le  assessm ent of Poisson1s r a t io  could be made.
2*2. D escrip tio n  o f te s ts *
2.2 .1* T ensile  t e s t *
The proposed s tandard  te n s i le  t e s t  specimens,which were used 
in  th e  in v e s tig a tio n s  are  shown in  FIGS.16 and 1 7 . ,and a re  o f  uniform  
th ick n ess  and p a r a l l e l  s ided  over th e  t e s t  leng th .E nd  ta b s  were bonded 
to  the specimens u sing  epoxy r e s in  end l e f t  fo r  a t  l e a s t  hours b e fo re  
commencement o f the  te s t.T h e  specimens could be used in  machines which 
are  f i t t e d  w ith  jaw clamps o r w ith  s e lf - a l ig n in g  p in s .
The former method u s in g  jaw clamps and adopting  a Denison
machine coupled to  a Bryans X — Y p lo t t e r  was used in  th ese
investigations*T he extensom eter used w ith  th e  Denison machine to  l in k  
to  the  X -  Y p lo t t e r  f o r  lo a d /s t r a in  r e la t io n s h ip  was th e  May’s 2 ,f(Somm) 
L inear V ariable Displacement T ransducer,(L .V .D .T .) . The ex tensom eter,being  
a d e l ic a te ,s e n s i t iv e  and expensive instrum ent,w as supported throughout
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th e  experiment to  ensure th a t  i t  d id  n o t f a l l  when f a i lu r e  o f  the  
specimen occurred*
The p ro o f s t r e s s  in d ic a to r  o f th e  t e s t  machine was i n i t i a l l y  
s e t  f o r  a low range o f lo ad in g ,h u t in  seme cases re q u ire d  to  he re a d ju s te d  
in  o rder to  tak e  th e  specimen to  f a i lu r e . I n  such cases th e  extensom eter 
had to  he r e s e t  and re z e ro e d ,a lso  th e  t  -  Y p l o t t e r ,  so th a t  a con tinu ing  
graph p lo t  could he ob ta ined .
A l a t e r a l  s t r a in  gauge could he p laced  a t  th e  m id-po in t o f  the  
specimen and a da ta  logger coupled fo r  read ings during  th e  t e s t  i f  a 
determ ination  o f Poisson*s r a t io  i s  required*This,hoYrever, was n o t 
adopted fo r  th e  p re se n t experim ental te s t in g .
The Denison t e s t in g  machine and th e  Bryan X -  Y p l o t t e r  
a re  shown re sp e c tiv e ly  in  PIGS. 18 and 19*
2.2.2* F lex u ra l t e s t .
To in v e s tig a te  the  f le x u ra l  behaviour o f  a g la ss  re in fo rc e d  
p la s t i c s  beam specimen,one o f two t e s t  procedures may he u t i l i s e d .
2*2.2*1. Four p o in t lo ad  system.
In  t h i s  s e r ie s  o f te s ts ,la m in a te s  m anufactured usin g  
u n id ire c tio n a l  rov ings and chopped s tra n d  mat were te s te d  as w e ll as  
s im ila r  lam inates in co rp o ra tin g  carbon fib re s .O th e r.ex p e rim en ts  were 
undertaken using  cord re in fo rcem en t.
I n i t i a l l y  th e  t e s t  specimens were to  he 2 .1  mm in  th ic k n e ss , 
(e q u iv a le n t to  2 ply/l-Joz chopped s tran d  m a t),b u t th e se  proved to  he  to o  
s len d e r fo r  th e  Denison machine.The Denison machine was used in  
con junction  w ith  a f le x u ra l  t e s t  apparatus m anufactured fo r  th e  s e r ie s  
o f  te s ts .T h e  apparatus i s  shown in  PIGS. 20 and 2 1 ., and i s  seen to  
c o n s is t  o f  a base beam w ith  specimen supports and a two p o in t lo ad in g  
p la tte n .T h e  th ick n ess  o f  th e  specimens was ev en tu a lly  in c rea sed  to
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approxim ately 6 .5  mm* I t  was suggested by GRIMES and BRONSTAD th a t  fo r  
accu ra te  d e f le c tio n  read in g  a tra n sd u ce r should be in co rp o ra ted  w ith  
th e  t e s t  r ig  and connected to  th e  X -  Y p lo tte r.H o w ev er,in  t h i s  
in v e s tig a tio n  th e  displacem ents were measured by d ia l  gauge rea d in g ,th e  
d ia l  gauge being  allow ed s u f f ic ie n t  len g th  o f  t r a v e l  to  ensure safe  
usage.When te s t in g  th e  g lass /carb o n  f ib r e  composites i t  was found 
necessary  to  use sm all,chopped s tra n d  m at,cover p ie ce s  under th e  lo ad in g  
edges to  p reven t th e  prem ature f ra c tu re  o f th e  carbon f ib re .A s  w ith  th e  
t e n s i l e  t e s t in g ,a  low le v e l  continuous lo ad in g  r a te  was adop ted ,bu t in  
th e se  experim ents since th e  X -  Y p lo t t e r  was no t u s e d ,d e f le c tio n  
read in g s  were taken  a t  s p e c if ic  lo ad  increm ents.
For comparison the com posites in corp oratin g  carbon f ib r e  
were te s te d  w ith  th ese  f ib r e s  on e ith e r  the ten s io n  or compression fa c e .
2 .2 .2 .2 .  C antilever bend t e s t .
In order to  in v e s t ig a te  the f le x u r a l behaviour o f  g l a s s /  
carbon f ib r e  com posites w ithout th e  p o s s ib i l i t y  o f  premature fra ctu re  
o f  th e carbon f ib r e  by the k n ife  edge lo a d  p o in ts  o f  the four p o in t lo a d  
t e s t , a  c a n tilev e r  bend t e s t  was conceived and undertaken.The t e s t in g  by  
t h i s  procedure was n on -d estru ctive  and used th e sim ple apparatus sho7/n 
in  FIG .22.,
In th ese  t e s t s  the lo a d in g  was ap p lied  gradually  a t th e  fr e e  
end o f  the ca n tilev e r ,e a c h  o f  th e  th ree  separate t e s t s  adopting d if fe r e n t  
va lu es o f  le v e r  arm .D eflection  was measured in  the i n i t i a l  t e s t  by  
v is u a l  s ig h tin g  aga in st a f ix e d  v e r t ic a l  ru le,w hereas in  th e  l a t t e r  
experim ents fo r  normal and creep displacem ent respectively ,m easurem ent 
was observed w ith  the a id  o f  a d ia l  gauge.
For a l l  o f  th ese  t e s t s  th e  d e f le c t io n  due to  shear was ignored  
as the component was sm all by comparison to  th a t  due to  bending.
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The modulus o f  r i g i d i t y ,a  necessary  e l a s t i c  constan t re q u ire d  in  design , 
may he c a lc u la te d  from th e  r e la te d  to rs io n  lo ad  and angle o f  tw is t  fo r  
a specimen o f known geom etry.In o rder to  u t i l i s e  e x is t in g  equipment fo r  
a simple s tandard  m ethod,the chucks to  lo c a te  the  re in fo rc e d  p la s t i c s  
specimens in  the  Techniquipment to rs io m e te r were m anufactured from 
normal s te e l  specimens used in  t h a t  a p p a ra tu s .In  th e  m anufacture o f  the 
specimens care had to  be taken  to  ensure th a t  th e  ho les  d r i l l e d  to  take  
th e  load ing  p in s  were o f optimum s iz e ,  as to o  sm all h o les  would have 
p rev en ted  lo c a tio n  o f th e  f ix in g  b o l ts  w ith in  the  chuck,w hile i f  th e  
ho les  were made too  la rg e  t h i s  would have encouraged crack  p robagation  
and even tual f a i lu r e  o f  th e  specimen w ith in  th e  area  o f  th e  chuck.The 
to rs io n  t e s t  specimen and f ix in g  chucks a re  shown in  FIGS. 23 and 24. j 
fo r  the  o r ig in a l  and re v ise d  fix in g s .F IG . 23*, shows a t o r s i o n 't e s t  in  
p ro g re ss .
As th e  u ltim a te  to r s io n a l  was approach i n  a t e s t ,  th e  
angu lar d e f le c tio n  o f  the  specimen was la rg e ; co n seq u en tly ,rap id  read in g  
had to  be taken  and recorded as lo c a l  f a i lu r e  w ith in  th e  lam inate  caused 
la rg e  s tre s se s  to  be developed.
2 .2 .A* In te rlam in a r  shear t e s t .
H orizon ta l shear* in  a p a r a l l e l  element com posite ,describes 
b o th  a s ta te  o f ap p lied  s t r e s s  a,nd a mode o f f a i lu r e  commonly found in  
f ib ro u s  com posites.C racking o f com posites p a r a l l e l  to  th e  f ib r e s  a t  low 
s tre s se s - f re q u e n tly  occurs in  h igh  performance s tru c tu re s  due to  th e  
in c o m p a tib ility  o f th e  component s . T his observation  le d  to  t e s t s  fo r  
in te rla m in a r  shear s tre n g th .M u lti-p ly  composites c o n s is tin g  o f  c ro ssed  
la y e rs  o f p a r a l l e l  re in forcem ents a lso  experience complex forms o f 
shear f a i lu r e  in c lu d in g  delam ination  between la y e rs ,c ra c k in g  p a r a l l e l  
to  th e  reinforcem ent o f  one la y e r  which ev en tu a lly  causes f r a c tu r e  o f 
ad jacen t crossed  la y e rs  and com binations o f th ese  two ev en ts .
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The t e s t  was developed to  a s c e r ta in  the  in te r la m in a r  shear
s tre n g th  o f u n id ire c tio n a l lam in a te s ,b u t may a lso  be used f o r  o th e r 
reinforcem ent o r ie n ta t io n . l t  was found th a t  b e t t e r  r e s u l t s  could be 
ob tained  w ith  specimens r a th e r  th ic k e r  than  those o r ig in a l ly  considered , 
(A.S.T.M. standard).T he t e s t  i s  im portant as f a r  as  th e  a d d itio n  o f
o f  th e  r e s u l t in g  composite.The s tre n g th  c a p a b i l i t ie s  o f  th e  re in forcem ent 
, ( o r  modulus f a c t o r ) , i s  obviously in e f fe c t iv e  i f  no in te r la m in a r  
adhesion e x is ts .U n ti l  re c e n tly  carbon f ib r e s  have tended to  show a poor 
a d h e s io n ,lim itin g  t h e i r  e f fe c tiv e  a p p l ic a t io n ,p a r t ic u la r ly  in  combination 
w ith  g lass  f ib re .T h is  adhesion p ro p e rty  has now been r a d ic a l ly  improved 
by a su rface  trea tm en t which does not contam inate th e  su rface  in  any way. 
Moreover th e  filam en ts  are  not damaged during  tre a tm e n t; th is  trea tm en t 
o p era tio n  i s  now being  in co rp o ra ted  in to  standard  p roduction .P IG S .26 
and 27*, show th e  apparatus and th e  t e s t  in  o p era tio n .
2.3» The p re d ic tio n  o f e l a s t i c  co n stan ts  in  re in fo rc e d  p l a s t i c s .
e l a s t i c  theo ry  in  design as i t s  p ro p e r tie s  a re  la rg e ly  independent o f 
tim e.T h is assumes th a t  f o r  sm all s t r a in s , s t r e s s  i s  p ro p o rtio n a l to  s t r a in .
P la s tic s ,w h ic h  are  v isco —e la s t i c  m a te r ia ls ,d o  not obey t h i s  la w ;fo r  t h i s  
type o f m a te r ia l.
carbon f ib r e s  i s  concerned since th e  degree o f  adhesion between th a t
.re in forcem ent and th e  r e s in  m atrix  la rg e ly  determ ined th e  perform ance
A m a te r ia l which obeys Hooke’ s la w ,freq u en tly  adopts th e
IP = €  E
Por l in e a r  v is c o - e la s t ic  m a te r ia ls , th i s  may be m odified to ,  j> = € i  ( t  ) 
in  which th e  only v a r ia b le  i s  time.Time dependence o f m echanical
p ro p e r t ie s  are  r e la te d  to  s tr e s s  r e la x a tio n  and c reep .
The re la x a tio n  modulus Ep a t  tim e t ,w i th  constan t s t r a in  
The creep modulus 3 a t  tim e t ,w i th  co n stan t s tr e s
Cx . . . . € f t )
t>
P ( t )
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The two m odulii are  not th e  same and i t  i s  th e  creep modulus 
which i s  o f  importance*The red u c tio n  o f creep modulus w ith  tim e ,(an d  
tem p era tu re ),cau ses  an in c rease  in  d e flec tio n * A ll f a c to rs ,in c lu d in g  
w eathering have an a d d itiv e  e ffe c t, in  reducing  modulus*
The methods o f a n a ly s is  used fo r  composite m a te r ia ls  a re  
d iv ided  in to  two major ca teg o ries ,m ic ro  and macro m echanics.These methods 
d i f f e r  in  t h e i r  approach by the  geom etrical sca le  o f re fe ren ce  .M icro- 
mechanics d ea ls  w ith the c o n s titu e n t p ro p e r tie s  of a m onolayer,w hile 
macro-mechanics d esc rib es th e  combined c h a r a c te r is t ic s  o f  a number o f  
m o n o lay ers .lt follow s th a t  th e  two cannot be t o t a l l y  d ivorced  from each 
o th e r  since th e  macro p ro p e r tie s  a re  t o t a l l y  dependent on those  derived  
by micro-mechanicSo In  th i s  l a t t e r  th e  model i s  the  re fe re n ce  to  th e  
b a s ic  filam en t m atrix  m ic ro - s tru c tu re ,s u f f ic ie n t ly  sm all to  be sim ple, 
y e t s u f f ic ie n t ly  la rg e  to  be re p re se n ta tiv e  o f  the  monolayer*
Two b a s ic  approaches may be taken  in  the  micro-m echanics o f 
composite m a te r ia ls ; th e  mechanics o f  m a te ria ls  th eo ry  o r th e  more 
rig o ro u s a n a ly t ic a l  method o f th e  th eo ry  o f e la s t ic i ty .B o th  methods 
re q u ire  c e r ta in  assum ptions to  be m ade,those in  th e  l a t t e r  th eo ry  no t 
having such su b jec tiv e  in te rp r e ta t io n  as in  th e  more elem entary approach.
, i The assum ptions on which the  a n a ly t ic a l  methods r e ly  may be
s ta te d  a s j -
(a) The filam en ts  p ossess  l in e a r  s t r e s s  -  s t r a in  c h a r a c te r is t ic s  up to  
t h e i r  f ra c tu re  s tre n g th .
(b) The m atrix  m a te r ia l p o ssesses l in e a r  s t r e s s  -  s t r a in  c h a r a c te r i s t i c s .  
( G enerally th e se  are  d if f e r e n t  in  ten sio n  and com pression.
(c) Complete in te r fa c e  bond e x is ts  between th e  filam en ts  and m a trix .
'(a) The filam en ts  are  id e n t ic a l  and c i r c u la r  in  c ro ss  sec tion .T hey  a re
considered  to  be d is t r ib u te d  in  th e  m atrix  in  a p a r t ic u la r  a r ra y . 
Id e a lly  th e  a rra y  i s  e i th e r  square o r hexagonal,but. i n  most cases 
th e  filam en t systems do not pack id e a l ly  and a random a r ra y  i s
obtained,T hese are  shown in  FIG-,28,
(e) The filam en ts  and m atrix  are  homogeneous and is o tro p ic  a t  the 
m icroscopic le v e l .
Considering the  composite lamina shovm in  FIG .29*,assuming 
th a t  p lane sec tio n s  remain p lane during  deform ation and th a t  each 
c o n s titu e n t m a te r ia l undergoes th e  same lo n g itu d in a l deform ation A L ,then  
by the  sm all s t r a in  th e o ry :-
e L = ^  ; V’f = Ef<£L ;
Under the a ctio n  o f  t o t a l  fo rce ,P ; w ith  A  =  A p  • +  A
p = -  Pp Ap * •4.Efn£u A
v r u  r* A+’ Em AmWhen, £  = - ±  = •+■ — -—
L A A
Since, A ?  = Vp ,an d , = V»m , o r, = ( 1 -  Vp )
Then, E L = - y f Ejf + v w e (Vl = Vf Ep + ( i - . v . ^ E fn
This i s  known as the  law o f  m ix tu re s ,o r a c tiv e  com bination.
In c o n s tra s t to  the simple a n a ly t ic a l  approach ,the more 
rigo rous method o f determ ining th e  lo n g itu d in a l e la s t i c  modulus adopts 
bounding techniques using  v a r ia t io n a l  p r in c ip le s  o f the  th eo ry  o f 
e la s t ic i ty .T h e  upper bound,obtained from th e  p r in c ip le  o f minimum 
p o te n t ia l  en e rg y ,is  found to  be id e n t ic a l  to  the  lav; o f  m ixtures.T he 
low er bound so lu tio n  may be found from the  p r in c ip le  o f minimum 
complimentary energy.
The s t r a in  energy ,U ,sto red  in  an e l a s t i c a l ly  deformed body 
i s  given by :—
U = 1 J  ( ^ e ^ d V  ; i  = 1,2,3,If,5,6
where r e fe r s  to  th e  s t r a in  components and th e  rep ea ted  index denotes
1'lsummation,Since E = — - fo r  u n ia x ia l s t r e s s , th e  equation  may be
1 *L
re w ritte n  as : -
u = ^  I T  ^  ’ o r ’ u  = ^ 6 l ^    0 )
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I t  i s  known th a t  a s tr e s s  f i e ld  a c ts  on th e  ends o f  the  
element shown in  FIG.29*,b u t th e  d is t r ib u t io n  o f th a t  s tr e s s  i s  unknown# 
By assuming th a t  the s tr e s s  i s  constan t over the  su rface  and a lso  
throughout the elem ent,a s t r e s s  f i e ld  i s  e s ta b lish e d  th a t  s a t i s f i e s  
equ ilib rium  and the boundary cond itions o f s tre ss#
I f  U° i s  designated  as the  s t r a in  energy a s so c ia te d  w ith  the  
assumed s tr e s s  f ie ld ,a n d  U i s  th e  s t r a in  en e rg y .a sso c ia ted  w ith  the 
a c tu a l s tr e s s  field#T he p r in c ip le s  s ta te s  t h a t : -
T J °  TJ
Since jo6 i s  th e  only non-sero s tr e s s  and i s  assumed to  be c o n s ta n t,th e  
L
equation becomes:-
£
In  terms o f the  m odulii o f the  c o n s titu e n t m a te ria ls  and th e  volume
f ra c t io n s ,th e  equation can be v r r i t te n :-
0° = d <K>2{^ fl)v  W
By s u b s t i tu t in g  equations (3) and ( l )  in  the  equation (2) p ro d u ces:-
T ( v i ) 2 { ? f +  r m) v  -  7  f i L) y
Then,since and ^  a re  id e n t ic a l  on the  boundary,the in e q u a lity
becoraes:-
*1 =
which i s  the  bound value o f E_.L
D espite the s im p lc ity  o f th e  th eo ry  u s e d ,i t  i s  g en e ra lly
accepted  th a t  w ith the law o f m ix tu res ,th e  upper bound co n d itio n  p rov ides
a good approximation in  p re d ic tin g  a value o f e la s t i c  modulus by t e s t , f o r
sh o rt duration.The long term value must however be m odified having reg ard
to  tem perature v a r ia t io n  and creep#
3 .
TSAI , m odified the simple law o f m ixtures to  give the
e x p ress io n ;-
k (  vf  Ef  + W  )
t .
— f / G .  2 9  .  -
where k i s  an alignm ent f a c to r  to  account fo r  f ilam en ts  not being  ex ac tly
p a r a l le l  or p e r fe c t ly  s tra ig h t.T h e  value given ranges from 0 ,9  to  1 .0 ,
and i s  th e re fo re  not r e a l ly  s ig n if ic a n t .
• 3
EKVALL , m odified the b a s ic  law to  account for. t r i a x i a l  s tr e s s
due to  r e s t r a in t  o f  filam en t m ateria ls ,w hen ,
Et = v » E_ + v E*L f  f  m m
E
where£ E* = m
“  ( 1 -  2cr2)m '
This m odification  i s  a lso  not too  s ig n if ic a n t  fo r  values o f cr o fm
approxim ately ^  . I t  i s  th e re fo re  reasonable to  consider th e  b a s ic  law o f 
m ixtures as g iv ing  a p re d ic ta b le  value fo r  lo n g itu d in a l modulus*
The in te ra c t io n  between filam en t and m atrix  becomes more 
complex Y/hen tra n sv e rse  loads a re  involved*ROSEN"*,considered  holloYT 
c i r c u la r  filam en ts  and th e  surrounding m atrix  m a te ria l as re p re s e n ta tiv e  
c y lin d r ic a l  in c lu sio n s  arranged in  hexagonal or random arrays*The th re e  
dim ensional problem w ith  tru e  tra n sv e rse  iso tro p y  fo r  the  hexagonal a rra y s  
.and assumed tra n sv erse  iso tro p y  fo r  the random a rray s  re q u ire s  f iv e  
independent e la s t i c  c o n s ta n ts ,in  some cases re q u irin g  the s o lu tio n  o f a 
system of e ig h t sim ultaneous equations re p re se n tin g  the  boundary 
cond itions on the re p re se n ta tiv e  elements*TSAI,adopted the  same c o n d itio n s , 
b u t in co rp o ra ted  a -c o n tig u ity  f a c to r  and ob tained  the  e x p re ss ic n :-
( - '^ 6 ** G fn C f V1'* Oft ") V rrj
( 2 VC m Cn ^  ^ — '2 £ M. $ K.0^ *) s^yi 
KfOZK'm* * 6 .f C k '^-K *?) v'
( 2 k r m 4 . < S f ) - 2 ( K
where, Kf  = Ef  /  2( 1 -  )
K -  E . /  2( 1 )m m '  K m J
V  = Sf  /  2( 1 +<?f  )
G- = E /  2( 1 + Cr )m m m '
and the  value o f C v a r ie s  l in e a r ly  between C = 0 , ( f o r  is o la te d  f ila m en ts )  
to  C = l , ( f o r  filam en ts  in  c o n ta c t) .
Assuming th a t  the  filam en t and m atrix  m a te r ia ls  a re  sub jec ted  
to  the  same tra n sv e rse  s tr e s s  ^  , th e  r e s u l t  by th e  simple mechanics o f 
m a te ria ls  approach was shown to  be
=
E- Ef  . m
Em vf  + Ef  V
which i s  id e n t ic a l  to  th e 'lo w e r bound equation  fo r  ET .li St
However i t  i s  u n lik e ly  th a t  th e  composite c o n s titu e n t w il l  ‘ 
experience the  same tra n sv e rse  s t r e s s  o r lo n g itu d in a l P o isso n 's  r a t i o ’ 
e ffe c t.G e n e ra lly  one o f th e  c o n s titu e n ts ,p ro b ab ly  th e  m atrix  m a te r ia l ,  
t r i e s  to  shorten more than  the o th e r  in  the  lo n g itu d in a l d ire c t io n  and 
shearing  s tre s s e s  are  se t up 'On th e  in te r fa c e  between the  two m a te r ia ls .
I t  i s  apparent th a t  the  assum ptionsof the  mechanics o f m a te r ia ls  
approach are  too genera l.F o r lam ina th ick n esses  of one-filam en t d iam eter 
and square o r re c ta n g u la r  filaments,EKVALL,attempted to  elm ate th e  unequal . 
lo n g itu d in a l P o is so n ^  r a t io  deform ations by applying a d d itio n a l 
lo n g itu d in a l s tr e s s e s ,s o  t h a t j -
^mL Am + ^  f l Af  = 0
The re s u l t in g  b ia x ia l  s ta te  o f s t r e s s  equation becomes
t __ Vm v £  _ _  ^  ^ V Vcr> /  £  -  V.vyj
[ (  Vf E f / v^  Q
■>Vhere the filam en ts  are  round,he ob tained  th e  eq u a tio n :- 
-•7r/2
ET = Ef
e  A e
O
the r a t io ,R ,o f  filam en t d iam eter;filam en t spacing ,being  given by
F in a l ly ,fo r  g lass  rov ings,he  derived  the  eq u a tio n :-
E f  CEj -
v f  £ 1  + Vm £ f
where, E* i s  defined  as before*’ in
The an a ly s is  techniques form ulated by TSAI were employed and
2re fin e d  by ADAMS,DONER and THOMAS , and summarised.The square a rray  was 
adopted and the  r e s u l t s  s e t out in  terms o f th e  tra n sv e rse  s t i f f n e s s  
param eter, E^ , /  E^ , a g a in s t th e  filam en t volume f ra c t io n  and th e  f ilam en t 
-  m atrix  s t i f fn e s s  r a t io .T h is  inform ation  was then re p lo tte d  to  produce 
a fam ily o f curves giving a d ire c t  v a r ia t io n  in  tra n sv e rse  modulus E^ , 
w ith  m atrix  modulus and filam en t volume f ra c t io n .
These are shown in  FIG-. 30 and FIG-. 31**in  the  l a t t e r  th e
2
filam en t modulus i s  considered from b as ic  t e s t  as 86.8 KN/ mm .-
The graphs shown were derived from the behaviour o f th e  
a n a ly t ic a l  model o f the  monolayer m ic ro -s tru c tu re  assuming a p e r fe c t  
geom etric a rray  and l in e a r  s t r in in g  o f the  m atrix  m ateria l.T h e  e f fe c t  o f  
tra n sv e rse  s t r a in  due to  the  Poisson*s r a t io  r e t r a in t  along th e  axes o f 
the  filam en ts  being  taken in to  account.Experim ental r e s u l t s  matched th e  
p re d ic te d  values o f E^ , depending upon th e  q u a lity  o f th e  lam inated  t e s t  
specim ens.Scatter from a n a ly t ic a l  p re d ic tio n  depending upon vo id  
in c lu sio n ,co n tig u o u s and m isaligned  filam en ts  and unbonded f ila m e n t-  
m atrix  in te rfa c e s .T h e re  i s  a lso  always th e  question  o f  w hether th e  
modulus o f the m atrix  m a te r ia l o f  th e  bu lk  c a s t in g . i s  the  same as th a t  
in  th e  experim ental specimen.
The in -p lan e  lo n g itu d in a l P o isson !s r a t i o ,  9 can a lso  be 
p re d ic ted  using the  law o f m ix tu res ,w ith  the  re la t io n s h ip ,  
when, C7m  = Tf Crf+ vm ^  = vf  O' f+ ( 1 -  vf ) <rm
Although th i s  i s  su ita b le  fo r  m onolayers,the e f fe c t  o f m u lti- la y e rs  
in troduces the com plexity o f filam en t a rra y  w ith in  th e  lam in a te .F o r a 
random array,ROSEN and o th e rs  , have found the  expression  : —
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+  V E X0 cr 0 . j. m ra 2 m
IT ',Vf Ef X3 + V m x2 
where, 3  ^ = 2<rf (l  -  0-*)rf  + vm ( 1 +  % )  cr ^
X2 = vf  (1 -  erf  -  2 cr2f )
Xx = 2  (1 -  cr 1  )v„ + ( l  + cr . )vj? m i  m m
This i s  su ita b le  fo r  s o l id  filaments,"but im perfect fo r  the hexagonal 
array.U sing the same techn iq ue,but in c lu d in g  a co n tig u ity  factor,T SA I 
obtained the r e la t io n : -
Cr ( \ ~ c )  ^  f  +  + K"mcrm ( 2  i<v’4 Cim) vm
^4* ( 2 (C<Yj 4 G<0 “■ G <V\ C ^   ^ V’lyj
K»v> (-2 i<p 4  G Vm 4- ( 2  Km 4  >/£
4* C
\  2  K ^  4  ) 4  £ 4  (  kr.v, —
fo r  the major p o isso n fs r a t io ,w ith  the value C b ein g  the same as b e fo r e .
Once the major P oisonfs r a t io ,  C ^ jh a s  been determ ined,the minor r a t io
O  ,can be obtained from the eq u ation :-  1L
h  u Z m
^  CTL
The lo n g itu d in a l shear modulus can be derived to  a reasonable  
approxim ation,again using  the mechanics o f  m ateria ls approach.Assuming 
equal shearing stresses,EK V A L L ,predicts,for a s in g le  la y er  la m in a te : - .
G-
r _ f  m
LT
v G- + V Gr
m f  f  m
v/here the filam en ts are square or rectangular.iFor s in g le  lam ina,but vrith 
round filam en ts h is  expression  becom es:-
G> G- 
r- -  . f  ■ n
IT "
E f! G- + ( l  — E) G r  m v 7 f
R i s  d e fin ed  as b e fo r e ,w h ile  $  i s  g iven  by
%  ,
S*a G 60
p =
^  c &***/6^*) *v t? f  i * ( / g  f \]
ROSEN and o th e rs ,d e r iv e d ,fo r  random a rray  o f filam en ts
GLT = Gm
(  l 4  ^4') 4  'v’m
$  + 1 4
where, ^  = ^
F inally ,T SA I,again  using  a c o n tig u ity  f a c to r ,C ,p re d ic ts  th e  sh ea rin g  
modulus as .
SLT = 0 -  c )  6 n  +  f o f + 0 - f t > . f - < S 4 W
+ ( 6 ^ G |n ) 4 ( ( a f - c i m } Vj*
A p la te  adopting 'chopped s tran d  mat rein forcem ent may be
considered is o tro p ic ,th u s  having equal s tre n g th  p ro p e r tie s  in  a l l
d irec tions.F rom  FIG.3 2 .,
= E la s tic  modulus in  any d i r e c t io n ( l )  in  the  p lane o f th e  p l a t e .
Eg = E la s tic  modulus a t  any angle 0 to  th e  d ir e c t io n ( l )  in  th e  p lane
o f the  p la te .
CT = P o is so n * s .ra tio ,c o n s ta n t f o r  a l l  d ire c tio n s .
Then,by d e f in it io n  o f an is o tro p ic  s tru c tu re ,  Ti  /  E2 = 1
EG = Shear modulus = — ( l  +CT)
s  D irec t s t r a in  . = ~
1
s  Transverse s t r a in  = —
6 -  Shear s t r a in  = ~G
O rthotropic p la te s  having d ire c tio n  re in forcem ent in  th e  two
d ire c tio n s  a t  r ig h t  angles,may be o f a balanced or unbalanced n a tu re .F o r
e i th e r  condition  the s tren g th  v a r ie s  fo r  in te rm ed ia te  a n g le s ,th u s  i f  th e  
load ing  i s  ap p lied  in  the  d ire c tio n  o f the  re in fo rc in g  the  c ap a c ity  w il l  
be f a r  g re a te r  than fo r  the load ing  a p p lie d ,fo r  exam ple,at if5° to  th e
/SCTGQP/C P44T £
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d ir e c tio n  o f  the reinforcement*From FIG-.3 2 .,
E  ^ ~= E la s t ic  modulus in  the lo n g itu d in a l d ir e c t io n .
= ELastic modulus in  the tran sverse  d ir e c t io n .
E, = ELastic modulus a t ah in term ediate angle to  the lo n g itu d in a l
j
d ir e c t io n .
G-^2 = Shear modulus fo r  lo n g itu d in a l and transverse d ir e c t io n s .
G34 = Shear modulus fo r  d ir e c t io n (3 )  and a plane (4) a t r ig h t  an gles to  
the plane (3 )#
^ 2  = P o isso n ’ s r a t io  g iv in g  tran sverse s tr a in  caused "by a s tr e s s  in  the  
lo n g itu d in a l d ir e c t io n .
= Poisson*s r a t io  g iv in g  lo n g itu d in a l s tr a in  caused "by a s tr e s s  in  the  
tran sverse  d ir e c t io n .
= P o isso n 's  r a t io  g iv in g  shear s tr a in  caused hy shear s tr e s s  
in  d irec tio n s  (3 ) and (4 ) .  
p.ji p2}  P3 = d ir e c t  s tr e s s  in  d ir e c t io n s  ( l ) ;  ( 2); (3 ) .
^1 * ^2* ^3  = ^-rec  ^ s tr a in  in  d ir e c t io n s  (1 ); ( 2); (3 ) .
The a n a ly s is  fo r  orth otrop ic  m onolayers,according to  DEITZ^, 
and shown in  f u l l  by CALCOTE ,^may be con sid ered :-  
E^  may be determined from :-
i n  = c o s 4 © +  —  © + ~ { ~  - 2 ° v 2 \ 2 0
£ 5  *  1 G'2 j
In d irectio n  ( 4 ) ,at r ig h t angles to  d ir e c tio n  ( 3 ) ,a tran sverse  s tr a in  G^ 
i s  caused by p^ , when,
l’
^ = - ° - U a 5 =  -
'vhere» ° U =  fV{ °W  '  t O  4  2  c; +  ~  )  Vm'2' 2 ©
L l -V ^  i - z
Unlike iso tr o p ic  m a ter ia ls , p~ ,when app lied  a t angles other than 90°, 
causes a shear d is to r tio n  and a shear s tr a in ,
where nu i s  a f a c to r  to  account f o r  d ire c t  and shear s tr a in s  caused by 
3
shear and d ire c t  s tr e s s  re sp e c tiv e ly .
= Sin 26 (  4- ^  ^  -  C * S e ( \  +  VV
The shear s t r e s s ,  34,a s  ap p lied  in  d ire c tio n s  (3) and (4) and causes
m
3
shear s t r a in  when,
^ 3 4 “ 7 —
where G-,, i s  determ ined from :- 34
&12
&34
As b efo re ,u n lik e  iso tr o p ic  m a ter ia ls , T causes <z in  d ir e c t io n  (3) and34 3
6 ^ in  d irec tio n  (4)jwhen,
€  = ~ nu ; and G . = -  m,
3  3  a ,  4  4  e ,
f  /•' Ei E t v w * *2t /  £ jm = Sin 2<3 l ( r a +  ^ © ( t  +  .2cr + ~ ) V
^  u £<2. "Cai<2 14 E-t 6u*2. J
The'two values o f  Poisson*s r a t io  are a lso  r e la te d , 21  = —-
e*.
The sim ples a p p lica tio n  o f  the above i s  fo r  a balanced  
orthotrop ic  m ateria l where lo n g itu d in a l and transverse p ro p er tie s  are the  
same,thus \  ~ 9 an  ^ ^12 = ^ 2 1  eThe P^9210 mi n^ um stren gth  b e in g
a t 45° to  the balanced p la n es ,w ith  symmetrical strength  about t h i s  p la n e .
I t  i s  n o ticed  th a t the above equations are a l l  d im en sion less  
in  form and very convenient fo r  curve p lo ttin g .A  ty p ic a l p lo t  o f  the  
v a r ia tio n  o f m ateria l p ro p erties  i s  shown in  FIG-.33®This curve p lo t  w i l l  
change qu ite considerably by r e la t iv e ly  sm all v a r ia tio n  in  the p ro p er tie s  
o f  the filam ent-m atrix  com binations.
The equations are th e o r e t ic a l and based upon the asnmption 
th a t the s tr e s se s  are app lied  in  the plane o f  the p la te  rather than  
perpendicular to  i t .A ls o  th at the filam ent and matrix m a ter ia ls  are f u l ly  
bonded and have the same- deform ations in  a l l  p lan es.
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A s im ila r  s e t o f  equations may "be ap p lied  to  m u lti- la y e r  
com posites,but o f r a th e r  more complex na tu re  since reinforcem ent w ill ,n o  
doubt,be o r ie n ta te d  d i f f e r e n t ly  fo r  ad jacen t la y e rs ,a n d  indeed some la y e rs  
may be balanced w hile o th e rs  are  unbalanced o r even iso tro p ic .T h e  numerous 
p o s s ib i l i t i e s  o f  m u lti- la y e r  lam inates in troduce  an alm ost l im i t le s s  
v a r ie ty  of boundary con d itio n s  and th e re fo re  la rg e  f a c to rs  o f s a fe ty  must 
be ap p lied  to  account fo r  th is* (S ee  FIG-.34*)*
The a n a ly t ic a l  methods used to  p re d ic t  th e  s tre n g th  and 
e l a s t i c  p ro p e r tie s  when a number o f u n id ire c tio n a l monolayers a re  
lam inated  to g e th e r  a t  various ang les between th e i r  re sp e c tiv e  filam en t 
a x e s ,i s  considered as macro-mechanics*
Thus the o v e ra ll  composites p ro p e r tie s  a re  considered  
dependent upon the  monolayer p ro p e r tie s  a t  random o r ie n ta tio n  to  each 
other,w hen the to t a l  p ro p e r tie s  o f the composite are  taken  as an average 
o f  th e  many bonded monolayers*Such p ro p e r tie s  a re  not considered  in  terras 
o f  time-dependency.
In  s p ite  o f the  considerab le  re sea rch  be in g  undertaken in  
t h i s  f i e ld  o f f ib ro u s  com posites,a  com pletely fundamental th eo ry  o f 
s tre n g th  fo r  m u lt i-d ire c t io n a lly  o r ie n ta te d  composites has y e t to  be 
evolved.A part from a n a ly t ic a l  com plex ities the  problems in tro d u ced  by 
p ro cessin g  v a r ia b le s  are  fo rm id ib le .A  s tren g th  a n a ly s is  by TSAI,based 
upon the  d is to r t io n a l  energy c r i te r io n  o f continued deform ation has 
endeavoured to  reduce some of th e  boundary c o n d itio n s ,b u t in  no way may 
be considered as a so lu tio n .
2*4* Test specimens* •
Batch Ref. Reinforcement d e ta i l s -  Glass u n less  o therw ise s p e c if ie d .
BJB 1
BJB 2 
BJB 3
3 p ly  Ig-oz *Suprematr Chopped S trand Mat. 
2 p ly  tv / i l l .
5 p ly  tw i l l .
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Batch Ref* 
BJB b- 
BJB 5 
BJB 6
BJB 7 
BJB 8 
BJB 9
BJB10
BJB11
BJB12
BJB13
BJB14
BJB13
BJB16
BJB17
BJB18
BJB19
BJB20
. BJB21
BJB22
Reinforcement d e ta i l s -  G-lass un less  otherw ise specified*
2 p ly  loz  ,T urnert Chopped S trand Mat*
2 p ly  l-jjroz ‘Supremat* Chopped Strand Mat.
5 No. tows cord between o u te r lamina o f 1 p ly  1-Joz 
'Supremat* Chopped S trand Mat.
Single tow J** cord.
S ingle tow ■J-n cord.
5 p ly  roving  w ith 1 p ly  lo z  ‘T urner1 Chopped Strand Mat 
o u te r  la y e r s .
5 p ly  ro v in g ,1 No. tow carbon f ib re  w ith  1 p ly  lo z  
‘Turner* Chopped S trand Mat o u te r  la y e r s .
9 p ly  loz  ‘Turner* Chopped S trand Mat.
6 p ly  1-J-oz ‘Supremat* Chopped Strand Mat.
6 p ly  loz ‘Turner* Chopped Strand M at,5 in te rlam in a  p ly  
EK24 rov ing .
1 No. tow carbon f ib r e .
3 p ly  l jo z  ‘Supremat* Chopped Strand M at,l No. tow carbon 
f ib r e  lo ca ted  ad jacen t to  n e u tra l ax is  o f  com posite.
3 p ly  i jo z  ‘Supremat* Chopped Strand Mat,1 No. carbon 
f ib r e  as o u te r  lam ina on one fa c e .
6 p ly  l|-oz ‘Supremat* Chopped Strand M at,l No. tow carbon 
f ib r e  as o u te r lam ina on one fac e .
3 p ly  1 -Jo z *Supremat* Chopped S trand Mat,1 No. tow carbon 
f ib re  as o u te r lam ina on one fac e .
2 No. spaced tows o f 4:'* cord w ith  f i x i t y  a t  ends.
3 p ly  1 -^oz 'Suprem at' Chopped S trand M at,3n len g th s  o f  
chopped carbon f ib r e  a s ’o u ter lam ina on one fa c e .
3 p ly  lp-oz 'Supremat* Chopped S trand Hat,l-|-U len g th s  o f 
chopped carbon f ib r e  as  o u te r lamina on one fa c e .
3 p ly  l^oz 'Suprem at' Chopped S trand Mat,6" len g th s  o f  
chopped carbon f ib r e  as o u te r lam ina on one fa c e .
Batch Ref. Reinforcement d e ta i l s -  Glass u n less  o therw ise sp e c if ie d .
BJB23
BJB24
10 la y e rs  o f c o rd ,l  No. tow carbon f ib r e  as second 
la y e r  from each fa c e .
10 la y e rs  o f cord*
The above specim ens,although not considered fo r  every t e s t  
arrangem ent,allow  a u se fu l comparison to  be made fo r  a wide range o f  
ty p ic a l  lam inates adopting  a v a r ie ty  o f re in fo rcem en ts.
The in c lu s io n 1 o f carbon f ib re  composites shows th e  u se fu l 
a p p lic a tio n  o f th is  m a te r ia l , in  nominal percentage to  th e  cheaper g lass  
re in fo rcem en t,to  provide a d i s t in c t  b e n e f ic ia l  e f fe c t  to  the  lam inate  a t  
an economic cost le v e l.T h is  could w ell induce the w ider a p p lic a tio n  o f 
re in fo rce d  p la s t i c s  composites in  the b u ild in g  industry ,w h ich  i f  e f fe c te d  
could fu r th e r  reduce the o v e ra ll  cost o f lam inate p roduction  by th e  
volume o f m a te r ia ls  used.
Cord reinforcem ents* are  a lso  a f a i r l y  re ce n t in o v a tio n  and 
a re  seen to  be su p e rio r in  use as compared to  the b a s ic  u n id ire c tio n a l  
ro v ing ,be ing  e a s ie r  to  handle and more e f f ic ie n t  in  a p p lic a tio n .
F u rh te r ,th e  v a r ie t ie s  o f chopped s tran d  mat adopted a re  those  
in  general use,w hile  the  tw i l l  re in forcem ents though more expensive are  
seen to  give a b e t te r  grade o f lam inate  and a lso  have a wide a p p lic a tio n  
in  in d u s try .
2.5« T h eo re tica l'ap p ro ach  to  specimen te s t in g .
■2.5»1« T ensile  t e s t .
The load  -  displacem ent graph should d isp lay  a c lo se  
conform ity to  Hookian c h a ra c te r is t ic s ,r e v e a l in g  no y ie ld  p o in t o r 
subsequent p la s t ic  range.The method n eg lec ts  th e  e f fe c ts  o f creep which 
a re  sometimes apparent under high load ing  conditions.T he slope o f the
Ap
tangen t considered  i s  th a t  fo r  th e  i n i t i a l  p o rtio n  o f th e  g raph ,thus
A p L A PLThen the  lo n g itu d in a l e la s t i c  modulus, E = - —  x
1 b t  - A Lbt
where, L = gauge le n g th .
b = b read th  o f specimen, 
t  = th ick n ess o f specimen. . ,
2.5*2. f le x u ra l  t e s t .
2 .5*2 .1 . Four p o in t load ing  system.
P la te s  and beams o f f ib ro u s  g lass  re in fo rc ed  p la s t i c s  may be 
assumed to  be homogeneous and is o t r o p ic ,o r  composite and n o n -iso tro p ic  
depending upon th e i r  s tru c tu re .M at re in fo rc e d  p la te s  a re  o f the  form er 
type fo r  which normal e l a s t i c  form ulae may be applied.C om posite s tru c tu re s  
re q u ire  m odified form ulae,but o therw ise the procedure fo r  computing bending 
s t r e s s , s t i f f n e s s  and shear s tr e s s  a re  e s s e n t ia l ly  s im ila r  to  those  of.* 
is o tro p ic  s tru c tu re s .
The d iffe ren ces  and s im i la r i t ie s  can be seen by co n sid e rin g  
two .beams o f id e n t ic a l  o v e ra ll dim ensions,one is o tro p ic  and th e  o th e r  
com posite.For each cross sec tio n  i t  i s  necessary  to  know th e  s t i f f n e s s  
f a c to r , 'E l  , in  o rder to  compute d e f le c t io n ,th e  sec tio n  modulus to  
compute bending s tr e s s  and the  s t a t i c a l  moments o f p o r tio n s  o f th e  c ross  
sec tio n  to  compute shear s tre s s e s .F o r  is o tro p ic  m a te r ia ls  the  n e u tra l  
ax is  fo r  a rec tan g u la r  cross sec tio n  i s  a t  m id-depth,and th e  f a m il ia r  
form ulas may be derived  as fo llo w s: -
The load ing  diagram ,bending moment' diagram and d e f le c te d  p r o f i l e  a re  
shown in  FIG-. 35*
For a rec tan g u la r  cross .sec tion ,
p ro p e r tie s : Area = A = b t
b t2 ■■■■ 'Section modulus = 2 = -~r .o
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L im itin g  d e f le c t io n  = d =
6 k  5^ b t
A p  = Tangent modulus o f s t r a ig h t  l in e  p o r tio n  o f load-defo rm ation  curve*Ad
Thus, ■
3 A 3
E, = F lex u ra l e la s t i c  modulus = x — x ^ tangen t
6 l & t  A d b t^
f, ss U ltim ate bending s t r s s  = — = — — -  =  p
Z 8 b t  4 b t
For a n iso tro p ic  la m in a te s ,co n sid e rin g  the e l a s t i c  modulus o f each la y e r ,
Depth to  n e u tra l ax is  = x =  ^ ~^ x ^x Xx  ^ ^
( E A ) dxN x x '
S t i f fn e s s ,  E l  = ( E^ . I  '■ ) dx
M E  vBending s t r e s s ,  p = x ^
E 1
G enerally th e  n e u tra l  ax is  v /ill  not be a t  m id-depth o f  the 
lam in a te* F u rth e r ,lim itin g  bending s tr e s s  fo r  a p a r t ic u la r  m a te r ia l w i l l  
no t n e c e s sa r ily  occur a t  the  o u te r  f ib r e s  o f the lam inate.T he bending 
s tr e s s  must be determ ined a t  each change o f la y e r  o f the lam inate*U nit
bending s tr e s s  i s  c a lc u la te d  fo r  u n it  moment,/
E yp = x J -
E I
p
th e  moment o f re s is ta n c e  fo r  the  la v e r  i s  then  the r a t i o ,  —p■^ x
The le a s t  value o f moment o f re s is ta n c e  fo r  the t o t a l  o f th e  
la y e rs  then  determ ines th e  safe  bending moment fo r  th e  sec tion .T hus fo r  
a given load ing  and bending moment,a t r i a l  and e r ro r  so lu tio n  i s  
necessary  to  deduce the most e f f ic ie n t  lam inate layou t fo r  the  c ross  
sec tio n .
The simple shear s t r e s s  c a lc u la tio n  must c le a r ly ,a ls o ,b e  
m odified b y .th e  e la s t i c  modulus fo r  elem ental areas as above.
w here,the f i r s t  moment o f the  p o rtio n  above the  sec tio n  le v e l  considered
i s  E A y ' = Q x x ^
F = shear a t  the  se c tio n  o f the member.
The method i s  dep ic ted  in  F IG .36 .,and  the ty p ic a l  c a lc u la tio n  sh e e t. •
The theory  given above enables an e la s t i c  a n a ly s is  to  be made 
fo r  the  maximum p e rm iss ib le  load  th a t  the specimen should w ith stan d  befo re  
f ra c tu re  occurs.For specimens te s te d  to  d e s tru c t io n ,th is  lo ad  as 
c a lc u la te d ,is  compared w ith the  recorded  values fo r  th e  te s ts .A  sample 
c a lc u la tio n  i s  shown w ith  the  recorded  r e s u l t s  in  4 * 2 .2 .1 . , th e  co n stan ts  
fo r  high modulus carbon f ib re  be ing  those l i s t e d  by the  m anufacturer, 
Morganite Modmor Ltd.
2 .5 .2 .2 . C an tilever bend t e s t .
A b a s ic  disadvantage to  the  fo u r p o in t lo ad  t e s t  i s  apparent 
when te s t in g  composite g la ss  and carbon f ib r e  specimens,where due to  the  
carbon f ib re  being  sen sib ly  p laced  on e i th e r  the  extreme te n s io n  o r 
compression face ,c ru sh in g  o f those f ib r e s  can occur.The c a n ti le v e r  bend 
t e s t  o b v ia tes  the p o in ts  o f high concen tra ted  kn ife  edge lo ad in g  a llow ing  
the  e f f e c t  of the  composite to  be f u l ly  apparent throughout the  t e s t .  
Loading diagram and d e f le c tio n  p r o f i le  are  shown in  FIG.37*
For simple lam inates:
-p 1£ -  ■ *  p  L
xb -  Z " x2D o
F lexura l e la s t i c  modulus, E. = x —~
b t 3
Again,where composite specimens a re  te s te d , th e  c a lc u la tio n s  should take  
account o f the varying elem ental la y e rs  o f th e  lam in a te .
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The theory  u sed ,d eriv ed  from TIMOSHENKO , adopts co n stan ts  
k ; ^  ; kg j r e la te d  to  the  ra tio ,"b read th  /  th ic k n e ss , ( b / t ) , as shown in  
the TABLE .4*
b/t k k2 b/t k V k2
1.0 0.675 0.1406 0.208
ft
• O 0.983 0.263 0.267
1 .2 0.759 0.166 0.219 4.0 0.997 0.281 0.282
1 .5 0.848 O.196 0.231 5.0 0.999 0.291 0.291
2.0 0.930 0.299 0.246 10.0 1.000 0.312 0.312
2.5 O.968 0.249 0.258 10.0 1.000 0.333 0.333
Tahle o f co n stan ts  fo r  to rs io n  o f re c ta n g u la r  specimens.
~ TABLE . 4
Prom "basic to rs io n  fo rm ula :-
T G- 0 . .. m & J  e— = ----- , then , T = -----
J  L L
xJ , the to rs io n a l  constan t = lc  ^ b t  
Thus, T = ^  G b t3  , and & = —
^ k^ 6 b t^
m
The maximum to rs io n a l  shear s t r e s s ,  "Y = ------ —-  = k G 6 t7 max . , ,2k 9 b t
kJ.Then, G- = ------ T  = k 0 t  T  -  3 t  *Ywax max . 1 max
2
the co n s tan t, k 9 = —  --------   —----
3 + 2.£
0.45 + b / t
where, T ’= Applied torque = P r  
P = Applied lo ad .
r  = Radius a t  which the  load  i s  ap p lied .
J  = T orsional c o n s ta n t,
G- ss Shear modulus.
= Maximum to rs io n a l  shear s t r e s s .max
6 ss Angle o f tw is t  in  specimen due to  to rq u e , 
b = Breadth o f specimen, 
t  = Thickness o f specimen.
From the ta b le  o f constan ts,w here b / t  i s  g re a te r  than  1 0 .0 ,
then  k = 1.000 and = 0.333
Also where a square specimen i s  u sed ,th u s  where b = t  ,th e n  th e  ap p lied  
to rq u e , T = 0.1406 G- 6 t^"
This t e s t  can provide a d ire c t  measurement o f the  shear modulus and a
check on poisson’s ratio , c* , using the well known relationship,
. E = 2 & ( 1+CT. )
_  E -  2 & when, <T = ----------------
2 Or
The load ing  diagram i s  shown in  FIG.38.
2.3>4-> In te rla m in a r  shear t e s t .
The t e s t  apparatus p rov ided  a th re e  p o in t lo ad in g  device over
a nominal span and ,as w ith  o th er t e s t s  used in  con junction  w ith  the
Denison m achine,adopted a nominal co n stan t load ing  ra te .T h e  specimens
te s te d  were assumed to  be homogeneous a llow ing  simple equation  fo r  shear
stress.The loading diagram and stress diagram are shown in FIG.39*
PMaximum shear fo rce  =
pMean shear s tr e s s 2 b t
3 3 PMaximum shear s tr e s s  = r  x mean shear s t r e s s  = v-r - r2 4- b t
The specimens BJB17?having a s in g le  tow .o f carbon f ib r e  on one face  were
expected to  give no in crease  in  cap ac ity  due to  crush ing  o f th e  carbon
f ib re  by the k n ife  edge load ing  device and were thus again  t r e a te d  as
homogeneous. ■
£%
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CHAPTER.3♦ -  MANUFACTURE AMD TEST PROCEDURE FOR MODEL REINFORCED
PLASTICS STRUCTURES. '
3 .1 . In tro d u c tio n .
With p re se n t day a p p lic a tio n s  o f re in fo rc e d  p la s t i c s  in  
s tru c tu re s ,th e  success i s  b a s ic a l ly  due to  th e  design p r o f i le , th u s  
u t i l i s i n g  th e  advantageous p ro p e r tie s  o f th e  m a te r ia ls  involved  to  t h e i r  
maximum effic ien cy .T h e  a i r c r a f t  and space re sea rch  in d u s tr ie s  have a lread y  
in d ic a te d  th e i r  read in ess  to  adopt carbon f ib r e  re in fo rc e d  p la s t i c s  in  
the form o f g r id  s tru c tu res .A n  example o f t h i s  i s  th e  r e a r  body u n i t  fo r  
a h e lic o p te r  by BISHOP.It i s  th e re fo re  rea so n ab le ,p a r t ic u la r ly  w ith  the  
in tro d u c tio n  o f u n id ire c tio n a l g lass  s tra n d ,to  see i f  g lass  re in fo rc e d  
p l a s t i c s ,o r  a combination o f g la ss  f ib r e  w ith  nominal carbon f ib r e  in  
r e s in  m atrix  may produce a cheaper and e f f ic ie n t  s k e le ta l  g r id  s tru c tu re  
fo r  the  b u ild in g  in d u s try . S k e le ta l s tru c tu re s  in  m etals and a llo y s  have 
many geom etries,the  design o f which lends i t s e l f  to  m atrix  com putation, 
e i th e r  by hand or com puter.This ch ap ter shows the  m anufacturing method 
fo r  a simple f l a t  square u n it  g rid ,from  vrhich i t  can be seen th a t  a 
reasonable  ex tension  to  o th e r p lane o r space g rid s  p re se n ts  no 
insurm ountable d i f f i c u l ty .
The I ta l i a n  a rch itec t,P O N T I,s ta ted  th a t  th e  use o f concrete  
had l ib e ra te d  the  world from th e  rectangle.W e know today th a t  o th e r  
m a te r ia ls  may a lso  o f fe r  t h i s  freedom o f expression.NERVI and o th e rs  
explored the sp ec ia l a t t r ib u te  o f concrete  in  th in  s h e l l  co n s tru c tio n  
by considering  form as opposed to  mass to  o b ta in  the  re q u ired  s tre n g th  
p ro p e r t ie s ; th e  dead weight being  g re a tly  reduced g iv ing  a maximum 
sp e c if ic  s tr u c tu ra l  advan tage:m ateria l ra tio .T h e  s tru c tu re  so formed a c ts  ' 
as a membrane q u ite  fre e  from la rg e  bending s tr e s s e s ,th e  most e f f i c i e n t  
being those where double curvatu re  e x is ts .H e tu re  long preceeded man*s
wisdom by adopting th e  th in  double curved s h e ll  fo r  eg g s ,n u ts  and even
6th e  human sku ll.T he German engineers,FINSTER7ALDER and DISCHINGER ,were
among th e  f i r s t  to  c a rry  out re se a rch  on s h e l l  s t r u c tu r e s , th e i r  main
to p ic  being c y lin d r ic a l  s h e ll  c o n s tru c tio n  from which they  developed and
pub lish ed  a th e o re t ic a l  a n a ly s is  during th e  e a r ly  1930*s.An American,
6SCHORER ,a ls o  pub lish ed  a s im p lif ie d  a n a ly s is  in  1935* 1
Domical s h e lls  d id  no t make th e i r  appearance u n t i l  th e  l a t t e r  
p a r t  o f  th a t  decade although dome s tru c tu re s ,su c h  as those o f  S t. P a u l’s 
C ath ed ra l, (WRSN 1708),and S t. P e te r ’s C athedral in  Rome,(1390),had a lread y  
shown the  n o n -lin ea r approach o f covering la rg e  areas.B y com parison,the 
s e lf  weight r a t io  o f th e  modern concrete  s h e ll  to  those°grand  o r ig in a ls 0 
was o f the  order o f l/20 .T he  in c re a s in g  spans o f the  modern s h e ll  
s tru c tu re  has,how ever,produced,in  many in s ta n c e s ,se v e re  d i f f i c u l ty  fo r  
the  foundations eng ineer.
In  terms o f hard  econom ics,shell s tru c tu re s  a re  expensive, 
e sp e c ia lly  i f  only s in g le  u n it  a p p lic a tio n  i s  envisaged, formv/ork being  
th e  major cost item.However i f  th e  t o t a l  geometry allow s a number o f uses 
o f the  same fo rm er,the  co s t can be considerab ly  reduced, eq u a lly  i f  a la rg e  
number o f ex ac tly  s im ila r  domes a re  to  be formed.An example o f m u lti-u se  
i s  shown in  the  use o f the  dome as ro o fin g  to  l iq u id  co n ta in in g  tan k s  o f 
th e  same diam eter.A  fu r th e r  red u c tio n  in  s e l f  weight and co s t i s  the  
obvious use o f p re s tre s s in g  fo r  th e  o u te r  te n s io n  r in g  o f th e  s h e l l .
In  recen t tim es,books d ea lin g  w ith  sh e ll  s tru c tu re  design  in  
conventional m a te ria ls  tend  to  p lace  g reat emphasis on s t r e s s  a n a ly s is  
due to  g rav ity  load ing  c o n d itio n s ,b u t in  general do not t r e a t  very  
c r i t ic a lly ,te m p e ra tu re  s tr e s s  v a r ia t io n  or a c tu a l s tr e s s  co n d itio n s  due 
to  w ind.In c e r ta in  types o f concrete  s tru c tu re s  the major p ro p o rtio n  o f 
the  lo ad in g !s  due to  s e lf  "weight,the s tru c tu re  being designed f o r  t h i s  in  
conjunction w ith the  superimposed load ing , v/ith the advent o f g la ss  
re in fo rced  p la s t i c s  domical c o n s tru c tio n ,th e  u n it s e l f  weight r a t i o  has
shown ex cep tio n a lly  la rg e  red u c tio n  in  comparison w ith  concrete  s h e l ls ,  
p a r t ic u la r ly  where la rg e  spans have been designed using  sandwich 
c o n s tru c tio n .T h is  l ig h t  weight m a te r ia l has considerab ly  reduced th e  s ize  
o f  foundations requ ired .T he l ig h tn e s s  o f th e  s tru c tu re  in tro d u ce s  u p l i f t  
fo rces  from wind p re s s u re ,th e  magnitude o f which depends upon th e  r i s e :  
span r a t io  and the lo c a tio n  o f th e  s tru c tu re .T h e  s tr e s s e s  w ith in  th e  » 
s tru c tu re  may become c r i t i c a l  due to  th i s  su c tio n  lo a d in g .l t  i s  th e re fo re  
ev iden t th a t  one o f th e  e s s e n t ia l  fe a tu re s  fo r.dom ical ro o fin g  i s  the  
p ro v is io n  o f a su ita b le  anchorage.O ther d i f f i c u l t i e s ,s u c h  as  tem perature 
v a r ia t io n  have been solved in  p ra c t ic e  by usin g  a g lass  re in fo rc e d  
p la s t i c s  'sandwich co n stru c tio n  in  which a p ip e  system allow s c o n tro l by 
w ater c ircu la tio n .R esea rch  by LITTLE,considered the  e f f e c ts  o f  consis ten cy  
o f  lam inate ,geom etric  scale ,boundary  cond itions and th e  means o f  lo ad  
a p p lic a tio n .
In  th is  p re sen t in v e s t ig a t io n ,a l l  the f a c to r s ,a s  under,have 
been considered :-
(a) Chopped s tran d  mat,was se lec ted ,fro m  the  r o l l , a s  f a r  as
p o ss ib le  fo r  i t s  co n sis ten cy ,a lth o u g h  th i s  was found to  be d i f f i c u l t  as 
the  m anufactured mat was not g en era lly  uniform ly c o n s is te n t .S l ig h t  
excesses o f g lass  were added to  co un terac t t h i s  f a u l t  and avoid  w aste .
This d i f f i c u l ty  i s  not p resen t in  o th e r types of re in forcem ent such as 
woven ro v in g ,o r  sp e c ia lis e d  u n id ire c tio n a l reinforcem ent su p p lied  on a 
mat base .S ince  chopped s tran d  mat i s  th e  most freq u e n tly  adopted 
reinforcem ent,som e added f a c to r  o f s a fe ty  should be allow ed in  d esign .
■ 0>) As i t  i s  d i f f i c u l t  to  geom etrica lly  sca le  down th e  m a te r ia l
components,small sca le  models may not give r e a l i s t i c  va lues o f th e  
p ro to ty p e .F o r th is  reason th e ,4 ffc ., (1220mm), diam eter m odel,although u s e fu l 
to show b a s ic  membrane action,we're' d iscon tinued  in  th i s  s e t  o f experim ents. 
More p a r t ic u la r ly  i t  was seen th a t  where a double cu rvatu re  was given to  
the d iam etric  p r o f i l e ,u t i l i s i n g  a nominal sprayed lam in a te ,th e  s tre n g th
and s t i f fn e s s  c h a ra c te r is t ic s  o f t h i s  sec tio n  gave only nominal s t r a in  
read ings under high load ing ,
(c) Boundary cond itions a re  o f extreme im portance in  the
in tro d u c tio n  o r non-use o f a r in g  beam to  th e  dome s h e ll .T h is  was c le a r ly  
shown in  an experiment on th e  4 f t . ,s h a l lo w  dome,where s t r a in  read in g s , 
a t  in te rv a ls  on a diam eter,showed th a t,u n d e r  a uniform sand lo ad in g ,b o th  
te n s i le  and compressive s tre s s e s  occurred  randomly over the  su rfac e .
This dome,whose f a i lu r e  i s  shown in  FIG-S. 40 and 4 1 . , i s  a good example 
o f  creeping  ten sio n  and subsequent p o s t buck ling  lead in g  to  complete 
co lla p se .F o r th ese  reasons i t  vrns considered  n e c e s s a ry ,a f te r  p re lim in a ry  
c a lc u la t io n s , th a t  th e  la rg e  1 0 f t* , (3050mm),diameter model should be 
provided w ith  a s u ita b le  r in g  beam .Therefore any b u ck lin g  which could 
occur w ith in  the su rface  due to  in c o n s is te n c ie s  in  the  g la ss  . 
re inforcem ent would only be o f a lo c a l  n a tu re  and would not le a d  to  
c a ta s tro p h ic  f a i lu r e  o f the  s tru c tu r e .S l ig h t  buck ling  d id  occur during 
one o f the  t e s t s ; th e  ambient tem perature and the e f f e c t  o f  the  sun’ s 
ray s  concentrated  through a la rg e  tra n sp a re n t dome hung above th e  model 
p o ss ib ly  p layed th e i r  p a r t .
The method of load  a p p lic a tio n  i s  im portant fo r  th e  reasons
given above and on i t s  a p p l ic a b i l i ty  to  a c tu a l cond itions on th e  
7pro to type  .BENJAMIN , adopted a hem ispherical d iam etric  p r o f i le  and 
considered a la rg e  snow load  on p lan  area  as ap p licab le  to  design 
conditions.H e fu r th e r  considered  a p ressu re  from wind lo a d in g . l t  i s  
doubtful i f  snow could remain on such a steep  dome shape,bu t c le a r ly  
wind p ressu re  would add to  g ra v ity  load ing  fo r  maximum design c r i t e r i a  
fo r  th i s  r is e :sp a n  r a t io .
Since most modern domes are  o f shallow r i s e  and a re  o f  th e  
o rder o f 1 :8  to  1:6 r is e :sp a n  r a t i o , i t  was f e l t  th a t  wind tu n n e l t e s t s
o
should be used to  check the p re ssu re  cond itions due to  wind.OBERTI , 
showed th a t  p ressu re  cond itions fo r  a model o f the  N orfolk C u ltu ra l
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C en tre ,V irg in ia ,U .S .A .,to  be la rg e ly  s u c t io n . l t  w i l l  be shown th a t  th e  
r e s u l t s  o f th e  p re sen t in v e s tig a tio n  v e r i f ie d  th is .T h u s  su c tio n  from wind 
lo ad in g  may be the  c r i t i c a l  f a c to r  o f the design i f  no hanging lo ad  a s s i s t s  
th e  nominal u n it  s e l f  weight o f  th e  s h e l l ,p a r t ic u la r ly  i f  th e  dome i s  
adopted fo r  a p ressu re  c y lin d e r ,a s  in  the  case o f a gasometer,when su c tio n  
load in g  i s  severe.Snow load  w i l l  obviously provide a g re a te r  ex te n t o f  
coverage and th ick n ess  fo r  t h i s  shallow  su rface  p r o f i le  up to  a c r i t i c a l  
wind, v e lo c ity  and thus a s s i s t  in  th e  red u c tio n  o f su c tio n  lo a d .
Design c r i t e r i a  w il l  be the w orst load ing  co n d itio n  o f : -
(1) S e lf  weight + Snow + Excess lo c a l  lo ad in g .
(2) S e lf  weight + Wind load in g  + In te rn a l  p r e s s u r e , ( i f  a p p lic a b le ) .
Models may thus be used to  p re d ic t  an average o r mean value 
fo r  apparent s im ila r  f u l l  sca le  con d itio n s  o f  lam inate,geom etry  and 
load ing .O ther fa c to rs  not considered  in  experim entation  such as su rface  
w eathering ,tem perature v a r ia t io n ,to g e th e r  w ith  s i te  m anufacture,assem bly 
and cu re ,a re  -covered by an ap p ro p ria te  f a c to r  of s a fe ty .In  r e la t io n  to  
a c tu a l load ing  and conditiona a su ita b le  value could norm ally be between 
5 to  1 0 .The su rface  o f the  p ro to type  may be t r e a te d  w ith  an impermeable 
membrane, (an epoxy gel or P.V.C. sh ee tin g  glued to  th e  s u rf  a c e ) , i n  which 
case the  f a c to r  o f sa fe ty  could be reduced.The h ig h er fa c to r  o f s a fe ty  
quoted above would reasonably  take  care o f any long term e f f e c t s .
This chap ter e s ta b lis h e s  th e  manufacture and t e s t  procedure 
fo r  la rg e  sca le  s t a t i c  models o f domical co n s tru c tio n  in  g la ss  
re in fo rce d  p la s tic s ,w h ic h ,to g e th e r  w ith  a sm all sc a le ,g e o m e tr ic a lly  
s im ila r  m o d el,su itab le  fo r  wind tu n n e l te s t in g ,a llo w s  experim ental 
load ing  fo r  both g ra v ity  and sim ulated  is o -b a r  load ing  on the  s t a t i c  model.
The re le v a n t theory  to  wind tu n n e l techniques as a p p lied  to  
c iv i l  eng ineering  s tru c tu re s  to  determ ine p re ssu re  d is t r ib u t io n  i s  s e t 
o u t . I t  w ill-b e  r e a l is e d  th a t  c iv i l  eng ineering  s tru c tu re s  a re  s t a t i c  and 
th a t  the  f re e  flow o f a i r  in  the wind tu n n e l does not tak e  account o f
g u stin g  and lo c a l  eddies,w hich may cause considerab le  lo c a l  lo ad in g  on 
th e  s tru c tu re .F u r th e r ,th e  sca le  f a c to r  involved only p rov ides fo r  
sim ulation  depending upon th e  s im i la r i ty  o f iso -b a r  d is t r ib u t io n  fo r  
various wind tu n n e l speeds considered  and l in e a r ly  e x tra p o la tin g .T h is , 
to g e th e r w ith the  combined e f fe c ts  o f r ig id i ty  o f th e  support and load ing  
fram e ,fo r the  la rg e  sca le  m odel,the a c tu a l non-homogeneity o f th e  s h e ll  
m anufacture,the e f fe c t  o f  tem perature and many o th e r f a c to r s ,d ic ta te s  
th a t  such experim ental te s t in g ,w h ile  r e fu t in g  some t r a d i t io n a l  design 
m ethods,is  not a t  the stage o f development to  provide exact param eters 
f o r ' f u l l  scale  design.The one p iece  dome s h e ll  as m anufactured fo r  the  
model i s  not f u l ly  re p re se n ta tiv e  o f  th e  f u l l  sca le  p ro to ty p e ,s in c e , 
except fo r  ro o fin g  to  sm all s i lo s  and ta n k s , th is  would in e v ita b ly  be 
made in  segments and b o lte d  to g e th e r ,th u s  p ro v id in g  fu r th e r  r i g i d i t y  due 
to  the  segment f la n g es .
3 .2 . Experim ental g rid  model in  G lass R einforced P la s t ic  and ,G lass and 
Carbon F ibre R einforced P l a s t i c .
Two models were p repared  to  show the  advantageous 
combination o f g lass  and carbon f ib r e  reinforcem ent fo r  s t r u c tu r a l  
a p p lic a tio n . Manufacture., was conceived usin g  th e  very  advantageous form 
o f (3 .175mm), g lass  cord reinforcem ent o f s tranded  filam en ts  in  fE*
g la ss .F o r  the normally re in fo rc e d  model, 10 p ly s  o f th e  cord were u sed , 
w hile fo r  the second model a fu r th e r  single'-tow  of high modulus, (type l ) ,  
carbon f ib re  was in s e r te d  w ith in  each o u te r cord la y e r .T h is  proved to  be' 
the  most p r a c t ic a l  p o s it io n  so th a t  th e  carbon f ib r e  was no t a f fe c te d  by 
the load ing  r i n g , ( i f  the  load  was ap p lied  to  th a t  f ib r e  p o s s ib le  f r a c tu re  
o f  th a t  reinforcem ent could have o c cu rred ) .In  bo th  c a s e s 'th e  r e s in  : 
g la ss  r a t io  was m aintained a t  approxim ately 2 : 1 , a ffo rd in g  a good . 
comparison between the two grids.B y  using  only  s in g le  tow o f  carbon f ib r e  
i t  must be remembered th a t  the c o rre c t o r ie n ta tio n  o f th a t  f ib r e  could
not be a c h ie v e d ,( i .e .  in  th e  v e r t ic a l  p lane o f the  elem ent)',and i t  could 
th e re fo re  be expected th a t  the  r e s u l t s  would, show, a minimum advantage o f 
th e  com bination.
I t  was req u ired  th a t  th e  g rid s  be provided w ith  r ig id  jo in ts  
and thus a continuous winding p ro cess  was adopted around the  system o f 
waxed s te e l  pegs.The pegs were, s e t  in  a c c u ra te ly  machined base p la te s ,  
spaced and a ff ix e d  to  the  underside o f a base board .T h is frame form er i s  
shown in  FIG-.2f2. - I t  was found th a t  some slackening  o f te n s io n  occurred  
in  the  reinforcem ent a t  the  time o f w e ttin g ,th u s  to  p reven t such 
slacken ing  an anchorage r in g  was provided in  order to  t i e  o f f  each 
c i r c u i t  o f  re inforcem ent to  m ain tain  the  ten s io n  in  th e  tendons.The 
winding procedure i s  dep ic ted ,each  c i r c u i t  re q u ir in g  16f t . , (2f880mm),of 
cord  and th e re fo re  some l 6 0 f t . , (49m ),for th e  model.The combined 
reinforcem ent a lso  used 3 2 f t . , (9760mm), o f s in g le  tow carbon f ib re .T h e  
g rid s  were w etted and cured on th e  form er,rem oved,and th e  excess 
p o r tio n s  cut o f f  to  leave the  re q u ire d  model size .F IG S .43*and kb* ,show 
th e  m anufacture and completed g la ss  re in fo rc e d  p la s t i c  g r id  s tru c tu re *
S tra in  gauges ?/ere a tta c h e d  to  the  top and bottom o f  th e  g r id  
element near to  the  p o in t o f  a p p lic a tio n  o f the lo ad . ,
3>5« Test apparatus and p ro c e d u re 'fo r  model g r id s .
Grid t e s t in g  was by d e f le c tio n  under a c e n tra l  co n cen tra ted  
lo a d .A ll ex te rn a l jo in ts  were to  be supported ,bu t not r ig id ly  fixed .T he  
most accep tab le  method o f support b e ing  by adopting  sm all f l a t  '‘t a b le s " ,  
each equipped v/ith a b a l l  jo in t  to  allow  angu lar ro ta tio n  in  any 
d irec tio n .T h e  le v e l o f each support was made a d ju s ta b le  in  h e ig h t to  
ensure equal sea tin g  o f the g rid  jo in ts .T h e  dimension and lay o u t o f  th e  
su p p o rts ,su p p o rt fram e,packing channels s e t w ith in  th e  r ig id  t e s t  fram e, 
i s  shown in  FIG.45*
Loading was ap p lied  by pneumatic jack v ia  a lo ad  c e l l  sea ted
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on a b a l l  b earin g  to  give co n cen tric  load ing  to  the  grid .The lo a d  c e l l  
was connected to  a moving l ig h t  galvanom eter, c a lib ra te d  to  give d ire c t  
lo ad  re a d in g s .S tra in  gauges v/ere connected to  a uP eekelH s t r a in  in d ic a to r  
a p p ra tu s .T es tin g  was n o n -d estru c tiv e  in  n a tu re  and a maximum lo ad  l im i t  
o f lOOlbf, (454N),was imposed.
3.4* Experim ental la rg e  sca le  model dome and lo ad in g .
P r io r  to  the  design and manufacture o f th e  la rg e  s c a le ,1 0 f t . ,  
(3050mm),diameter model,a sm aller geom etrica lly  s im ila r  model was 
p repared ,m ain ly  fo r  p r a c t is e  o f mould manufacture and fo r  t a i l o r in g  th e  
g la ss  f ib r e  mat in  o rder to  gain economy from th e  s tandard  3f t . , (914nm), 
w idth r o l l  o f chopped s tran d  mat.
The model dimensions form ulated  fo r  a shallow  dome o f  r i s e :  
span r a t io  1 :6 ,were arranged a s : -
Radius Span/2 Dome r i s e
inches mm inches mm inches mm
(a) Large s t a t i c  model 100 2540 60 1525 20 508
(b) I n i t i a l  mould model 40 1016 24 610 8 203
(c) Wind tu n n e l model 10 254 6 152 2 50
The-mould fo r  th e  i n i t i a l  model (b) was o f  spun p la s t e r  on 
reinforcem ent on a tim ber fram e,to  the  c o rre c t d im ension ,sized  and coated  
w ith  a re le a se  agent o f  furane r e s in  and wax.The model was m anufactured 
in  l'Joz s in g le  lay-up w ith  35$ g la ss  ; r e s in  r a t io ,u s in g  M itchell and 
Smith general purpose p o ly e s te r  resin .l2 Ifo® sections (3 0 ° ) ,were t a i lo r e d  
to  s u i t  w ith 2% (50mm), la p s  formed in  mat to  o z ,th u s  g iv ing  a co n s tan t 
1-g-oz mat throughout. S im ila rly  the segments were ta i lo r e d  a t  th e  crown 
w ith  h a lf  re b a te ,lap p e d ,w e ll made jo in t .T h is  method,though adm irably 
su ite d  to  the  dome dimensions o f t h i s  model,would have proved r a th e r  
'w asteful fo r  th e  la rg e  scale  model due to  the  s tandard  w idth o f th e
reinforcem ent r o l l .
The model had no s p e c if ic  r in g  hearn w ith  hoop re in fo rcem en t, 
th e  r in g  support b e ing  merely a 2” , (50mm), ex tension  o f th e  dome s h e l l .  
When p laced  under t e s t  w ith a uniform ly d is t r ib u te d  lo a d in g ,th e  model 
f a i le d  a f t e r  one hour d u ra tio n  o f  creep lo a d ,th e  f a i lu r e  b e in g  by te n s io n  
on the  p erip h ery  o f  one hemisphere w ith  te a r in g  slow ly extending  in to  
the  s h e l l ; to  take  account o f t h i s  ten sio n .T h ere  follow ed an immediate 
f u l l  comprssion buck ling  o f th e  o th e r hem isphere,as shown in  FIG-S.40 and 
41.
This r e s u l t  ensured a p r a c t ic a l  minimum lay-up  f o r  t h i s  s iz e  
dome o f 2 x lo z . ,w ith  a p a r t ic u la r  s iz e  o f r in g  beam.The t e s t  was u se fu l : 
in  th a t  i t  gave s u f f ic ie n t  in d ic a tio n  th a t  a r in g  beam would p rev en t 
random s tr e s s e s  occurring  in  the  s h e l l .
A b a s ic  dome a n a ly s is  fo r  th e  la rg e  sc a le  model was p rep ared  
and i s  shown below; ca re fu l thought was given to  the m anufacture to  ensure 
bo th  economy and homogeneity.
From FIG-. 4 6 ., Volume o f sp h e ric a l cap
/ 2 -.2 2n(y = R -  x ) 
T herefore , V
r E
= i r l  i a *
= t r l
ts Ct?S 4
-  o p* 0  ^ J $  S ^ “)
= i t [  t  - * W +  r - J
/  f 2 T  ^  1
I f  R cos /  = b , V = ^ [  J  "  T J
Surface area  o f  cap = —  = 21TR h
dr
Thus fo r  th e  dome considered; R = 100M ; R s in  ^  = 60”;
R (l -  cos /  ) = h = 20"
Then the  su rface  area, o f  the  cap = 271* x 100 x 20 = 400017 i n 2
The cap i s  d iv ided  in to  15 segments, subdivided in to  16 approxim ately  
equal t r ia n g le s  o f -uriti area.Thus u n it  load  area  = 32.73 in 2, ( 0 .23f t 2) .

For th e  uniform ly d is t r ib u te d  lo ad  co n d itio n ,th e  sum o f a l l  
v e r t ic a l  components o f N/ ,th e  m erid ional t h r u s t , i s  equal to  th e  t o t a l  
weight o f th e  dome in c lu d in g  hanging w eights s im u la ting  the uniform ly 
d is tr ib u te d  load,above the  p o in t considered*Since th e  s e l f  w eight o f  the  
dome i s  n e g lig ib le  compared to  th e  t o t a l  hanging lo a d , l e t  th e  u n it  
d is tr ib u te d  load  = .
Thus t o t a l  load in g  above th e  r in g  beam = 2TTwj R h = 2TTu> R ( l  -  cos fS )
= Njef s in  x 2 tr  R s in  /
= 21T N/ R s in 2/*
T herefore,
^  R (1 -  cos )
( l  -  cos ^  )
■ w R ■
=     compression
( l  + cos /  )
The la t i tu d e  th r u s t ,
N. _ w R I -----1 _ _
{ (1 + cos / )
p
= U> R ( 1 -  cos /  -  cos ) /  ( 1 + C O S  .fS )
( i s  always com pressive, provided th a t  /  <  51° 50* )
In t h i s  case , s in .]& = 0*6 ; cos £  = 0 .8  ; th a t  i s  , £  -  36°52* ^  51°50*
At the  crown, /  = 0 ; N/f s in  /  = 0 ; Ifyf cos = Itf/ ;
Also since 1 /  (1 +• cos / )  = 0 .5  ; then , N/ = w R / 2
At the  support r in g ,th e  maximum r in g  ten sio n  = N/ cos ^  x R s in  j6
= N/f R s in  /  cos 4
Values fo r  t h i s  dome :
¥  nTVV7n = 50 w ; since ,R  s in  /  = D /  2 ; th u s , R = — , = 100cro.m 2 sm  p
¥  maXi -  55.5«o ; 1 / ( 1 +  cos /  ) = 1 /  1 .8  = 0.555
Ng = 22f*ift\> j
A ll com pressive.
-  cos
Ring te n s io n  = 55«5 us x 100 x 0 ,6  x ,0 ,8  = 2660 u*
S tre s s  i n . s h e ll  = load  /  12 t  , ( im p eria l u n i t s ) .
A pplying.a f a c to r  o f s a fe ty  o f 6 arid u s in g  a s tr e s s  o f approxim ately
' ° .5  V  S
Allowable s tr e s s  = (12.5  x 103) /  6 = say 2 x 103 p s i
Thickness, t  = ( 0 .0 8 5 / 3) p e r  oz mat = 0.028 in  /  os
Then, 1 2 t = 0.33& in ^ /  os
p = f  A = 2 x 103 x 0,336 = 672 l b f /  u n ti  a rea  /  02 mat
Maximum compression in  s h e ll  = 55*5  = 672  lb f /o z  th ick n ess
Thus^O /  os = 12.1 l b f . ,
Therefore t o t a l  load  to  dome = ( 4000 IT x 12 .l ) /  144 = 1050 lb f /o z .
th ic k n e ss .
T hus,fo r 3oz m a t,u n it a rea  lo ad in g  = 8 .2  + s e l f  w eight = say 4kg.
fo r  4#5os mat, = 1 2 .3  + s e l f  w eights say 5*5kg.
For s t a b i l i t y  the r in g  beam must c a rry  2660 x 12.1 x mat w eight.
3Thus, fo r  3 oz, 9^*5 x 10 l b f . ,  when th ick n ess  req u ired
=(96.5 x 103)/(6 7 2  x 144) = 1 in .  fo r  l i n  w id th . 
From FIG-. 47•> req u ired  a rea  = 1  in  . ,  thus fo r  w idth o f  2H, (50mm), 
th ick n ess  = 0 .5" > thus eq u iv a len t l8 o s  mat.
The manufacture a c tu a l ly  adopted 4 j  oz , th u s  th re e  la y e rs  
o f  l |-  oz. o f  chopped s tra n d  mat fo r  the  s h e l l ,p a r t ly  from a v a i l a b i l i t y  
and m ainly due to  th e  general b e t t e r  filam en t d is t r ib u t io n  on t h i s  weight 
o f mat.
The b a s ic  d ished  quadrant s h e ll  mould was achieved in  p la s t e r  
,from which th e  m aster mould was co n s tru c ted . (Since th e  p la s t e r  mould 
have been co s tly  fo r  ju s t  one u sag e ,a  fu r th e r  ad d itio n  was l a t e r  p laced  
to  give a scalloped  e f fe c t  mould fo r  a fu tu re  dome t e s t  model. See 
ch ap te r 7«)«The m aster mould in  gLass re in fo rc e d  p la s t i c s  was .found to  
have a s l ig h t  abnorm ality ,thus th e  mould subtended an ang le  s l ig h t ly  
le s s  than $0 and had a f r a c t io n a l ly  g re a te r  rad iu s  than  requ ired .T he
lay-up  o f th e  s h e ll  quadrants i s  shown in  FIG-. 47*» a tem plate  having 
been made to  minimise th e  waste in  c u tt in g  th e  rein forcem ent ro ll .T h e  
la p s  are  seen to  be m aintained "out o f phase" to  ensure th a t  th e re  were 
no p lanes o f weakness in  th e  sh e ll.T h re e  la y e rs  were p rov ided  a t  th e  
quadrant edges.In  m anufacture o f th e  dom e,these 'p lanes were given a :/ h 
fu r th e r  cover p iece ,o n  th e  in s id e ,u s in g  g la ss  tape re in fo rcem en t.
The t o t a l  dome s h e ll  was fa b r ic a te d  in  a ''w e ll 'b ra c e d  frame 
former as shown in  FIG-.4 8 ., although "Handy angle" was s u b s t i tu te d  fo r  
th e  tim ber b ra c in g ,a s  seen in  FIG-.49»The frame and th e  preform ed g la ss  
re in fo rc e d  p la s t i c s  e d g e 'r in g  a ffo rd ed  an accu ra te  m anufacturing 
tech n iq u e ,th e  g lass  re in fo rc e d  p la s t i c s  edge r in g  be ing  a c c u ra te ly  
measured and s i te d  on the  frame to  give th e  tru e  d iam etric  dimension o f 
th e  dome model.
The f i r s t  p a i r  o f  s h e ll  quadrants p resen ted  l i t t l e  d i f f i c u l ty  
in  p re p a ra tio n ,(a lth o u g h  the  m aster mould had to  have s l ig h t  f i l l i n g  
r e p a irs  between lay -u p s).C o n tra ry  to  e a r l i e r  p ro p o sa ls ,th e  th i r d  and 
fo u rth  quadrants were programmed to  be sep a ra te ly  and co n secu tiv e ly  
a tta ch ed  due to  the  d i f f i c u l ty  o f la y in g  up the la p s  over th e  f u l l  
d iam eter. In  th is  way the  th i r d  quadrant p resen ted  no d i f f i c u l ty  in  
attachm ent.The l a s t  quadrant d id  however prove th a t  th e  re a p p ra is a l  o f 
the manufacture had been w ell founded.The f in a l  crown la p s  were given 
an e x tra  lay-up to  provide adequate s t i f f e n in g  a t  th e  most f le x ib le  
p o rtio n  o f th e  s h e ll .
The b a s ic  c a lc u la tio n s  had shown th a t  th e o r e t ic a l ly  th e  dome 
should be capable o f su s ta in in g  an o v e ra ll d is tr ib u te d  lo ad in g  o f some 
2.0 to n f , (2076 kg),from  the 384 u n it  lo ad  p o s it io n s ,  (5 .3  kg p e r  lo ad  
p o in t),p ro v id e d  th a t  the r in g  beam was constru c ted  w ith  an eq u iv a len t 
sec tio n  o f 2." x 0 .5" ? (50mm x 12mm),this req u ired  12 la y e rs  o f chopped 
s tran d  mat.
This r in g  was co n stru c ted  w ith  two continuous lapped  strano.s
/
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o f  u n id ire c tio n a l rov ing  fo r  each 3os o f chopped s tran d  mat.The chopped 
; s tran d  mat s t r ip s  were su ccessiv e ly  reduced in  v/idth to  form an edge 
sp lay  to  the  s h e ll  to  obv ia te  sudden change o f  sec tio n  from the  s h e ll  to  
th e  r in g  beam*The r in g  was then  ground down to  the  re q u ire d  s iz e  and 
p ro f i le .A f te r  re v e rs in g  the  s h e ll  to  i t s  normal dome p r o f i l e , th e  o u te r  
jo in ts  were given a fu r th e r  cover o f  g lass  tape  reinforcem ent.T he whole , 
was then  rubbed down Y/ith wet and dry san d p ap e r,an d ,a fte r  thorough 
washing and dry ing  was provided  w ith  a b lu e  co louring  by p a in t  spray*
During m anufacture a fu r th e r  quadrant was p repared  to  be used
‘as  a tem plate fo r  d r i l l i n g  th e  384 No. ho les  fo r  u n it  a rea  loading*W ith
O  p  p
1»55 kg load ing  p e r  32*7 in  , (0 . 23f t  ) , gives the  eq u iv a len t o f  15 l b f / f t ,
(0 .75 kw/m ) , th e  normal snow superimposed lo ad in g  considered  in  p r a c t ic e .
The t o t a l  f a b r ic a t io n  used approxim ately 140 f t , (43 m ),o f 
standard  3 ft,(0 .9 1 4 m ), w idth chopped s tran d  mat ro ll .O th e r  approximate 
q u a n ti t ie s  w ere,200ft ,(6lm  ) ,o f  u n id ire c tio n a l  roving  and 50f t  , (15.25m), 
o f  1" , (25mm),tape.The 2 : 1 la y  -up showed only s l ig h t  v a r ia t io n  w ith  
approxim ately 94 lb  ,(4 2 .7  kg ) , o f  B ak e lite  r e s in  fo r  th e  s h e ll  and about 
0.25 l i t r e s  o f h a rd e n e r ,(2 .5  c c /lb  o f  r e s in  fo r  a 30 minute cure a t  20°c), 
t h i s  inc lu d ed  the  e x tra  quadrant.The r in g  beam took about o f th e  s h e ll  
re  s in , making th e  t o t a l  r e s in  consumption approxim ately 125 lb  ,(5 7  kg ) .  
The t o t a l  s e l f  weight o f th e  dome,allowing fo r  s l ig h t  r e s in  excess used 
in  e x te rn a l f i l l in g ,w a s  some 275 l b , (125 k g ).
The base frame in  “Handy an g le1’ and "Dexion an g le” was s e t 
out accu ra te ly  on th e  f lo o r  p r io r  to  cu ttin g ,b en d in g  and b o l t i n g . l t  was 
made in  h a l f  sub-frames o f fou r segments.The f in a l  f i t t i n g  o f th e  sub- 
frames su b s ta n tia te d  the  accuracy o f s e t t in g  o u t.A lte rn a te  bays were 
given only nominal b rac in g  to  allow  in tru s io n  under the dome su rface  in  
order to  apply and a l t e r  the  lo ad in g  system.PIG-.50 . , shows th e  lay o u t o f 
the frame and load  system ,(both  g ra v ity  and suc tion  load ing).T he 
s u b s ta n tia l  load ing  p la tfo rm  i s  a lso  d e p ic te d ,s i te d  on fo u r b ea rin g  p o in ts
NV
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allow ing jack ing  f a c i l i ty ,T h e  whole t e s t  r i g  i s  shown in  th e  photo­
i l l u s t r a t i o n s ,  FIGS. 51 and 52.
FIGS, 51 and 52 ♦ ,shows th e  overhead fram ing ,again  in  ’’Handy 
an g le” and ”Dexion an g le” fo r  th e  r o l l e r  b a r  system and d ia l  gauge f ix in g . 
The former allow s the su c tio n  lo ad  s im u la tio n ,a  condition  which does not 
appear to  have been considered  elsewhere by o th e r re s e a rc h e r s ,(a s  indeed 
does t h i s  most u se fu l r i s e  : span o rd er o f s h e ll  s t r u c tu r e s ) . I t  being  
remembered th a t  the  sim ulation  must reasonably  follow  th e  is o -b a r  p lo t  
from the wind tunnel experim en ts,thus g iv ing  a com plicated lo ad  d iv is io n  
to  the  384 p o in ts  on th e  t e s t  s u r f a c e . l t  i s  perhaps obvious from th e  
FIG. 49»>that the lay o u t o f the  overhead r o l l e r  system does no t provide 
ex ac tly  normal load ing  to  the  su rface  and would have n e c e s s ita te d  a much 
more com plicated and more expensive arrangem ent to  achieve th i s ; th e  system
shown being  th e  b e s t  a v a ila b le  a t  th e  tim e o f experim entation .
/
The th re e  load in g  cond itions an a ly s ised  w ere:-
(1) An equ ivalen t uniform ly d is t r ib u te d  load  on the p lan  a rea  o f th e  dome.
(2) An equ ivalen t uniform ly d is t r ib u te d  lo ad  on h a l f  p lan  a re a .
(3) Wind sim ulation  load ings fo r  v arious wind speeds ob ta ined  from the  
iso -b a r  p lo ts  o f the  wind tu n n e l te s t in g .  '
C lea rly ,c o n d itio n  (1 ) , rep re se n ts  snow and o th e r g ra v ity  
loads over the  t o t a l  p lan  area  o f  the  dome,Condition ( 2 ) , re p re se n ts  th e  
case which designs have t r a d i t io n a l ly  taken  fo r  s im u la ting  wind lo a d s , 
where due to  wind su c tio n , g rav ity  load ing  i s  n u l l i f i e d  on th e  lee-w ard  
demi-hemisphere thus producing a re v e rsa l o f  moment on th a t  unloaded 
h a lf  span. Condition (3) * re p re se n ts  wind lo ad in g  fo r  speeds o f  70>100 and 
140 mph , (31»2,44.7 and 6 2 .4  m /s),on  the  wind tunnel, model where only 
nominal g ra v ity  load ing  due to  the  s h e ll  s e l f  weight ex is ts .T h e  f ix in g s  
o f  th e  r in g  beam onto the  supports had to  be adequate to  r e s i s t  th e  
'upward fo rce  on the  dome.
FIG.53**shows the  type and lay o u t o f 32 Ho. ,120 ohm, (FR8),
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45° s tr a in  gauge ro se ttes .T h e  gauges were adhered to  th e  inn er and outer  
surfaces o f  the sh e ll ,a lo n g  one diameter.Thus fo r  a l l  but case ( l )
lo a d in g ;th e  load  system was considered  fo r  co n d ition s’ in  p lane and
normal to  the l in e  o f  the gauges in  order to  su ita b ly  a sce r ta in  s tr a in  
c h a r a c te r is t ic s  fo r  the p r in c ip a l diam eters o f  the dome.
A reusab le  dummy s tr a in  gauge board,FIG-. 54* 9 was made up to  
correspond w ith  th e  32 No. a c tiv e  gauges. 8 No. / l 2  core m ini w ire cab le  
was used allow ing nea t connection and good e l e c t r i c a l  tran sm iss io n  to  the  
gauges.
The gauges wefe then connected v ia  a s a t e l i t e  ju n ction  box
to  the Westland Data Logger which has d ig i t a l  d isp la y  and tape output.
The Data Logger had two c a l ib ra t io n  output read ings to  ensure c o r re c t  
s t r a in  gauge f a c to r  cond itions during  t e s t  p r in to u t .  U nfortunately  th e  
Data Logger tape  output was in  E l l i o t  503 language which gave some 
d i f f i c u l ty  in  the  t r a n s la t io n  to  A lgol computer language.
The whole programme o f m an u fac tu re ,te s tin g  under g ra v ity  
lo ad in g ,resh ap in g  and re b u ild in g  th e  frame fo r  the su c tio n  lo ad  
experiments and carry in g  out re le v a n t experim ental t e s t s  under th a t  lo ad in g  
,took  approxim ately two years o f p a r t  time one day p e r  week re se a rc h .
3.5* Wind tunnel and tunnel model domes.
The wind tunnel used was th a t  manufactured by T.E.M.
Engineering L td ., and capable o f supplying a vary ing  wind speed from 0 —
150 f t  /  sec ,(0  -  45 m /s).The working se c tio n  i s  o f octagonal c ro ss  
sec tio n  and 6 f t -  3 in . , ( l.9 m ),in  len g th  as shown in  FIG-.55.
In order to  support the ground p la n e ,sp e c ia l tu n n el s id e  cover  
p la te s  were m anufactured,together v/ith adjustab le  plane fix in g s .T h e  ground 
plane was atta.ched to  the base board by a sw ivel jo in t  and capable o f  120° . 
rotation .T he sw ivel attachment v/ith hollow  bush allow ed the bundled 
pressure tubings to  pass from the model through the ground p lane and s id e
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panel of the  tu n n e l to  a m anifold.The m anifold provided fo r  a change from 
1.5mm to  6mm diam eter tu b in g ,th e  l a t t e r  be ing  fo r  connection to  th e  
manometer.
The model used fo r  th e  tu n n e l t e s t s  was described  in  3*4 ., 
designated  type ( c ) ,  and g eom etrica lly  s im ila r  to  the  la rg e  sca le  s t a t i c  
model.
FIG-. 5&*jshows d e ta i l s  o f  the  tunnel model and support 
s tru c tu re .T h e  support s tru c tu re  to  sc a le  rep re sen ts  a f u l l  s iz e  concrete  
system -of frames in c lu d in g  a r in g  beam.The dome s h e ll  was gLued to  th i s  
r in g  beam using  a w ater so lven t g lu e ,to  enable the  a c ry l ic  s id e  to  be 
removed so th a t  an open sided  dome s tru c tu re  could a lso  be te s te d .T h e  
manufactured model thus allowed th re e  cond itions to  be in v e s t ig a te d .
(1) Closed sided  model re p re se n tin g  a s tru c tu re  having v e r t i c a l  w all and 
dome ro o f. (See FIG-. 57•) •
(2) Open sided  model, (w ith a c ry l ic  s id e  w all removed).
(3) Open sided  model w ith  roughened ro o f su rface .
The m odel,(3 ) j above was to  determ ine whether se p a ra tio n  
occurred as the  wind flowed Over the  dome surface.T he su rface  roughening 
was achieved by bonding f in e  sand over the  s h e l l .
15 s t a t i c  p re ssu re  p o in ts  were a lig n ed  along two r a d i i ,  (7 
equally  spaced along.each  rad iu s  a t  120° in te rv a l) .T h e se  tap p in g  p o in ts  
were made from 1.5mm diam eter s ta in le s s  s te e l  hyperdermic tub ing .A s the  
p re ssu re s  a t  the  tapp ing  p o in ts  o f th e  wind tunnel model w ere r e l a t iv e ly  
high i t  was not found necessary  to  in c rea se  th e  s e n s i t iv i ty  o f th e  
manometers by t i l t i n g  during  th e  reading*The t i l t i n g  manometer i s  shown 
in  FIG.58.The tunnel f re e  flow p re ssu re  was measured a t  two p o in ts .T h e  a i r  
flow en te rin g  the  working se c tio n  was tapped o f f  to  a "UM tube.,w hile a t  
the p o in t ju s t  in  f ro n t o f th e  ground p lane base board a p i t o t - s t a t i c  tube 
was in serted .T he  p i t o t - s t a t i c  tube was connected to  a Betz manometer, 
a ffo rd in g  accurate  wind speed read in g .
/
W//V& TC/A/wez. A40&&Z.
I
■ 
M
U
C
Tt
~T
l/&
e 
M
A
A
/O
M
£r
£g
.  
-
(Z
ZA
t. 
£A
/G
. 
CT
/>- 
CC
AW
C£
.y. 
AT
O-
!?tHi §
Sm
iTP
* J*
As th e  model was capable of r o ta tio n ,p re s  sure read in g s  were 
ab le to  be made fo r  a 15° in te rv a l  from -60° to  +60° fo r  l in e  ( l )  o f 
the p ressu re  p o in ts .
3 .6 . Experimental wind tu n n e l method,
For a s tru c tu re  b u i l t  in  the  B r i t i s h  I s le s  i t  i s  s t a t i s t i c a l l y
shown in  the  B r i t is h  S tandard Code o f P ra c tic e  No. 3*Chapter 5»P a rt 2,
1972,th a t  the  maximum wind v e lo c ity  to  be expected in  England i s  46m /s,
(103 m ph),to be exceeded only once in  50 y ears  a t  10m above ground le v e l
in  open le v e l  country ,w hile in  Scotland th e  speed may a t t a i n  56 m /s.
Such a v e lo c ity  i s  known as th e  b a s ic  wind speed,V.
The design wind speed i s  then  determ ined from
V = V x Sn x S„ x S, s 1 2 >
where, S^ = fa c to r  f o r  topography and i s  g en era lly  assumed to  be u n ity
un less  p a r t ic u la r  cond itions e x is t .
Sg = fa c to r  fo r  h e ig h t, surface  roughness and wind g u s tin g
d u ra tio n ,fo r  e i th e r  u n it  e lem en ts,o r th e  s t a b i l t y  o f  th e
s tru c tu re  depending upon the  dim ensions.
S^ = fa c to r  fo r  s t a t i s t i c a l  r e tu rn  p e rio d  o f th a t  wind speed
re p e a tin g  w ih tin  th e  l i f e  o f the  s tru c tu re .F o r  a 50 y ears
l i f e  a t  p ro b a b ili ty  0*63, the  f a c to r  i s  u n ity .
2 _3The dynamic p re s su re ,q  = k  V , where k  = 2*56 x  10 f o r  Im p eria ls
u n i t s ,o r ,k  = 613 x 10 fo r  SI u n it  s . The p re ssu re , q , i s  r e f e r r e d  to  as 
the s tag n a tio n  p ressu re  where read ing  i s  taken  by a p i t o t - s t a t i c  tu b e .
The p ressu re  fo r  any su rface  exposed to  wind may then  be expressed  a s : -
p = C x q
. - P
Values o f  C fo r  standard  p r o f i le  s tru c tu re s  have been determ ined
' p  •
experim entally  by many workers in  th i s  f i e ld  and design graphs have been 
p ub lished .
Wind i s  the most im portant e x te rn a lly  a p p lied  lo ad ,
p a r t ic u la r ly  on a p la s t i c s  s tru c tu re ,th e re fo re  i t  i s  ad v isab le  to  
und ertak e  a wind tunnel t e s t  on t h i s  type o f s tru c tu re  to  determ ine th e se  
c o e f f ic ie n ts ,w ith  a f a i r  degree o f confidence,throughout th e  s tru c tu re*  
A tten tio n  has been confined  here to  th e  s t a t i c a l l y  s teady  
and uniform reg ion  o f  tu rb u le n t flow which e x is ts  in  a tu n n e l except near 
the  boundaries*The fo llow ing  o b servations may be made:-
(1) The v e lo c ity  p r o f i le  i s  no t com pletely independent o f th e  Reynolds 
number*
(2) The a c tu a l v e lo c ity  p ro file ,sh o w n  in  FIG-.59* jto g e th e r  w ith  th e  
assumed p r o f i le  fo r  th e  c e n tr a l  reg ion  o f  the  p ip e  o r tunnel.T he 
r a t io  o f th e  mean v e lo c ity  to  th e  maximum v e lo c ity  i s  o f  th e  o rd e r 
0 .85 .
In  undertak ing  wind tu n n e l a n a ly s is  i t  i s  necessary  to  
consider p ressu re  heads w ith in  th e  working sec tio n  o f  th e  tu n n e l. 
Considering FIG-.60.,the t o t a l  fo rce  in  th e  d ire c tio n  o f  flow  may be 
w r i t te n :-
— A S p  —-  p <$ A S s  co$ B  = — A — p tj A S z.
From Newton's second law,
— A %p — p ^  A Sz. — A —
In  th e  above, z = h e ig h t above h o riz o n ta l datum p lan e , 
s = len g th  o f  stream  tu b e .
Thus, 1  A l  = O
£ tb  ctv d*
du -  ^But, — . ■ = ^  7 7  ^  77a i- bs
And fo r  steady flow , = 0 , so th a t ,  ~  = u
Vt* cX V b s
T herefore , .JL . ^  +  u  ^  4 . q  d ?  = 0
t? a s  a s  d s
This i s  the  Euler equation .
For a uniform f lu id  d e n s i ty , th is  equation  becomes:-
P u L—  -j- ----  4 . q j .  = co n stan t
■ e  • 2.
\ I
o r , J L  - i -  x  = constan t
w
where , ^ 9 a w , th e  s p e c if ic  v/eight of th e  f lu id .  •
This i s  th e  B ern o u lli equation .
Due to  the  low d en sity  o f g a se s ,th e  equation  may be expressed  a s : -
‘l> a
   + ----  = constan t
e 2
p
where sm all changes in  z are  n e g lig ib le  compared w ith  the  term  — ,
o r , p -f. •- p u  = constan t
I f  the  v e lo c ity  a t  any p o in t in  th e  stream flow i s  reduced to  z e r o ,th is  
p o in t i s  known as the  s tag n a tio n  p o in t,A  s tag n a tio n  p o in t i s  shown a t  y 
in  FIG-. 6l .
R efe rrin g  to  th e  B ern o u lli equation  fo r  gases,
iy  + .5  = p2 -*■ 4  q ° \
where the  su ff ic e s  1 and 2 r e f e r  to  p o s it io n s  1 and 2 in  th e  f lu id  flow
re sp e c tiv e ly ,
I 2I f  U2 = 0 ,th e  p ressu re  i s  equal to  pt i. p u ,  .
The term , ( \> A. #> u? ) known as th e  s tag n a tio n  p re ssu re ,a n d
1 Z*'
the  term , (. »  g )> is  c a l le d  th e  dynamic p re ssu re .
€0
P i to t , i n  th e  18 th . cen tu ry , showed how a f in e  nozzle  which
i s  p resen ted  to  the a i r  stream may be used to  measure th e  t o t a l  head a t
any p o in t w ith in  th e  fLow.A nozzle which would serve t h i s  purpose i s
shown in  FIG,62.
A p i to t  -  s t a t i c  tube i s  capable o f m easuring b o th  s t a t i c
and dynamic pressure 's and i s  shown in  FIG. 63#
Applying th e  B ern o u lli equation  between p o in ts  ( l ) , ( 2 )  and
(3) in  FIG. 63,
1* • 2 i  ^
M  VI i U - i  Y 3 ,
£ *3 2 vj C <3 2 13 it H Zc±
no ting  th a t  u^ -  0, and u^ = u^ , th en ,
J jL -  **
i * 1 *
o r » p2 -  P3 = ^ ^ u i  “  2 c u »
the equation  then  becomes,
5  = p 2 -  P3
d iffe ren ce  between p2 and i s  read  from the  Betz manometer,thusThe
\  C u |2 = V  ~ ho
where , = read in g  in  Betz manometer a t  v e lo c ity  u^ .
hQ = read in g  in  Betz manometer fo r  zero v e lo c ity .
So, C =■ ^  "  ^o
p  ~ i — ~
where , = th e  p ressu re  c o e f f ic ie n t .
Considering the  m u lti -  tube manometer,the p re s s u re ,(p  -  p ^  ) ,  
i s  rep resen ted  by (h^ -  h ^ j t h e  p re s su re , ( pQ -  p ^  ) ,  i s  a lso  
rep resen ted  as ( ) .
''//here, = read ing  i n  m u lti tube manometer a t  v e lo c i ty  .
hj. = read ing  in  m u lti -  tube manometer connecting to  p i t o t -  
s t a t i c  tu b e .
h ^  = read ing  in  m u lti -  tube manometer due. to  atm ospheric 
p re ssu re .
Also in  the  above, 
u^; u2; u^ — wind v e lo c i t ie s  a t  p o in ts  ( l ) ;  (2) and (3) r e s p e c tiv e ly ,
z = e le v a tio n  above a r b i t r a r y  datum.
$ = d en s ity  o f a i r .  •
H = t o t a l  head.
^ = g ra v ita t io n a l  a c c e la ra tio n .
Then,the p ressu re  c o e ff ic ie n t,C  , may be w ritte n
P
„ ■ ( \ - h « )  -  ( ht - h tJ  _ ( h r a -  ht  )
C — ■■■.--■ - 1 ■ . - .-..-.I- >-
T) .
< hB -  ho ) (hB "  ho )
5TG-.64** shows a d iagram atic re p re se n ta tio n  o f the  v/ind tu n n e l.
R eynolds,in  th e  1 9 th . century,deduced th a t  th e  flow o f  an 
incom pressible f lu id  in  a p ipe i s  sub jec ted  to  i n e r t i a  and v iscous fo rc e s .
The r a t io  o f  in e r t i a  fo rce  to  v iscous fo rce  i s  termed the  Reynolds number.
' v e lo c ity  x s iz e  _ ^ t u
■ k inem atic v is c o s i ty  Ja V
v/here, R^ = Reynolds number.
L = a l in e a r  dim ension,
u = v e lo c ity  o f  flow  o f f lu id .
V = kinem atic v is c o s i ty  o f f lu id .
I f  in  two geom etrica lly  s im ila r  c losed  passages th e  Reynolds 
numbers a re  i d e n t i c a l , i t  may be sa id  th a t  dynamical s im i la r i ty  e x i s t s .
The t e s t  o f  dynamical s im i la r i ty  i s  th a t  i n e r t i a  and v iscous fo rc e s  
should ten d  to  a common ra tio .A s  th e  p a th s  tra c e d  out by th e  f lu id  elem ents 
depend wholly upon the  r e s u l ta n t  o f  th e  fo rces  a c tin g  on them ,the 
consequences o f dynamical s im i la r i ty  should be th a t  th e  flow  p a t te rn s  
in  the  two systems are  id e n t ic a l .
I f  dynamical s im i la r i ty  e x is ts  between th e  model and p ro to ty p e  
i n  a wind tu n n e l a n a ly s is ,th e  p roduct o f  v e lo c ity  and a  l in e a r  dimension 
w i l l  be equal.T h is assumes th a t  th e  f lu id  flow ing over th e  s tru c tu re  i s  
o f  the  same n a tu r e .I f ,a s  i s  th e  case in  th e  experim ental t e s t , t h e  wind 
tunnel i s  capable o f producing a wind speed o f  2f5 m/s,(lOO mph),and th e  
geom etric sca le  f a c to r  between th e  two s tru c tu re s  i s  1 0 ,then  th e  speed 
o f  the  wind over the  p ro to type would be A*5 m /s ,(  10 mph ) , . This would 
in d ic a te  a wind v e lo c ity  w ith in  th e  s tream line  flow reg io n .T h is  reg io n  
i s  ch a rac te r ised  by low v e lo c i t ie s  and v iscous s lugg ish  f lu id s ,w h ereas  
the wind tu n n e l model i s  c e r ta in ly  in  a tu rb u le n t flow  reg io n  which i s  
a sso c ia ted  w ith  high v e lo c i t ie s  and low v is c o s i t i e s .
This s c a lin g  e f fe c t  i s  obviously o f considerab le  im portance 
to  the  v a l id i ty  of the  t e s t  r e s u l t s  ob ta ined  when te s t in g  models in  a
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wind tu n n e l.
I t  i s  ev id en t th a t  in  -wind tu n n e l analyses i t  i s  v i r tu a l ly
im possible to  o b ta in  dynamical s im i la r i ty  between f lu id  flow co n d itio n s
in  the wind tu n n e l and th e  flow cond itions on the  p ro to ty p e ,an d  th e re fo re
Reynolds number w il l  not be s a t i s f i e d  fo r  th e  model and p ro to ty p e
«
s im u lta n e o u s ly .lt i s  th e re fo re  necessary  to  r e a l i s e  th e  s ig n if ic a n c e  o f 
th e  wind tu n n e l t e s t  r e s u l t s  in  th e  l ig h t  o f the  Reynolds number no t 
be in g  s a t i s f ie d .
DELANY and SORENSEN^  , and GAULD^ , have shown how th e  drag 
c o e f f ic ie n t  v a r ie s  w ith  Reynolds number,a sharp edged body having  an
i 7
alm ost constan t c o e f f ic ie n t  f o r  a Reynolds number o f between 10 to  10 .
F u r th e r , i f  th e  body has s l ig h t ly  rounded c o rn e rs ,th e re  i s  a 
sudden change in  the  drag c o e f f ic ie n t  when th e  Reynolds number i s  about
6 x 10 .T h is i s  known as the  c r i t i c a l  Reynolds number.^Then a body has
f u l ly  rounded c o rn e rs ,th e  Reynolds number drops s t i l l  f u r t h e r . I t  i s  
d isa s tro u s  fo r  a body w ith  curved fe a tu re s  i f  the  model i s  te s te d  in  th e  
reg io n  of th e  c r i t i c a l  Reynolds number.For th e  r e s u l t s  to  be re le v a n t th e  
t e s t  must be c a r r ie d  out a t  a Reynolds number above th e  c r i t i c a l  v a lu e .
An exp lanation  o f th e  above phenomena l i e s  in  th e  f a c t  th a t  
along th e  body the flow of a i r  stream  sep a ra te s  from th e  su rface  o f  th e  
model.To t e s t  fo r  th i s  cond ition  i t  i s  adv isab le  to  undertake more than  
one te s t .T e s ts  were th e re fo re  c a r r ie d  out f o r ,
(a) normal f in ish e d  mould su rfa ce . • 
o>). roughened su rface .
To v e r ify  th a t  uniform flow e x is te d  in  th e  working se c tio n  
o f the  tu n n e l,a  tra v e rse  in  the h o r iz o n ta l and v e r t ic a l  d ire c t io n s  o f 
the wind tunnel working sec tio n  in  f ro n t  o f  th e  ground p lan e  and a lso  
im m ediately above the  model,was made using  th e  p i to t  — s t a t i c  tu b e . 
R esu lts  o f th i s  tra v e rse  are shown in  se c tio n  4 .A .I .
The p i to t  — s ta t i c  tube was p laced  im m ediately in  f ro n t  o f
th e  ground p la n e ,in  th e  f re e  a i r  s tream ,during  a l l  read ings o f th e  
p ressu re  p o in ts  on th e  model.This enabled th e  c o e f f ic ie n t  o f p re ssu re  a t  
th ese  p o in ts  to  be r e la te d  to  th e  f re e  stream  head.
A se r ie s  o f t e s t s  were undertaken to  ensure th a t  a l in e a r  
re la tio n sh ip  e x is te d  between v e lo c i ty  o f flow and s t a t i c  p re ssu re  on the  
surface o f  th e  dome.
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CHAPTER .  4. -  EXPERI1IENTAL TEST RESULTS FOR MODEL REINFORCED PLASTICS 
STRUCTURES. :
4 .1 . In tro d u c tio n .
The t e s t in g  o f  a wide v a r ie ty  o f  re in fo rc e d  p la s t i c s  
specimens in  o rder to  a s c e r ta in  the  im portan t mechanical p ro p e r tie s  have 
been described  in  chapter,2*The r e s u l t s  o f  th ese  t e s t s  in  graph and 
ta b u la r  form re v e a l an e l a s t i c  conform ity and reasonable  c o r ro la tio n  fo r  
s im ila r  specim ens.In te n s io n ,th e  average s tr e s s  -  s t r a in  graph has been 
co n stru c ted  through th e  re p re se n ta tio n  o f many s e ts  o f  read in g s ,an d  w ith  
the  p o in ts  om itted in  most cases s ince graph p lo t t in g  was by autom atic 
p lo t te r .O th e r  graphs show a few p o in ts  where s p e c if ic  c l a r i t y  was 
req u ired  during th e  te s t*
C h a ra c te r is t ic  graphs in  f le x u re  are  shown to g e th e r  w ith  
ta b u la r  r e s u l t s  fo r  homogeneous specimens and those in  composite 
combination w ith  carbon fib re .T h e  l a t t e r  a lso  include a comparison fo r  
bo th  te n s i le  and compressive face  a c tio n  by th e  carbon f ib re ,a n d  a lso  
where an exposure f a c to r  i s  in co rp o ra ted .C an tilev e r bend t e s t s  a re  a lso  
s e t  out in  g raph ica l form fo r  v a r ia b le  le v e r  arm d istance .C reep  t e s t in g  
i s  a lso  included  fo r  t h i s  form o f  f le x u re  te s t*
Torsion t e s t  r e s u l t s  adopting th e  simple to rs io m e te r  equipment 
and using  th e  b a s ic  design o f th e  chuck i s  s e t  out in  g rap h ica l and 
ta b u la r  form in  th i s  chapter.The r e s u l ts  ob tained  from th e  use o f the  
b as ic  chuck are  not a .ltogether r e l ia b le  and the chuck has been red esig n ed  
to  give a b e t te r  ce n tr in g  of the specim en.Testing w ith th e  new chucks,, 
r e c e n tly  m anufactured,has not yei? been c a r r ie d  ou t.
In te rlam in ar shear t e s t in g  on re p re se n ta tiv e  b a tch es  o f 
specim ens-are dep ic ted  in ■ tab u la r 'fo rm  .
The experim ental g rid s  u sing  batches BJB23 and BJB24,
described  in  chap ter *3*»for cord reinforcem ent and in c lu d in g  carbon ' .
f ib re ,h a v e  r e s u l t s  in d ic a te d  in  ta b u la r  and g rap h ica l forra*These graphs
re v e a l a u se fu l comparison fo r  th e  two g rid s  tested*T hese g r id s ,a lth o u g h
o f  a very  simple n a tu re ,d o  have a p r a c t ic a l  a p p lic a tio n  which p ro v id es
0
a su ita b le  s t i f f n e s s  due to  co n fig u ra tio n  and f i x i t y  o f  the  elem ent p a rts*  
The major c o n tr ib u tio n  to  t h i s  th e s is  i s  th e  t e s t in g  o f  a 
shallow domical s tru c tu re  when v a rio u s  superimposed loads were a p p lied  
to  it*T hese included  v e r t ic a l ly  downward lo ad s  and su c tio n  lo a d s ,th e  
l a t t e r  s im ulating  a wind fo rce  ap p lied  to  th e  s tru c tu re ; th e  magnitude 
o f  th ese  su c tio n  loads were derived  from wind tunnel ana lyses on a small 
raodel.The maximum and minimum p r in c ip a l  s tr e s s e s  and t h e i r  d ire c tio n s  
were computed w ith  the  a id  o f an e le c tro n ic  computer from s t r a in s  
recorded in  th e  c a r te s ia n  co -o rd in a te  d ire c tio n s  when th e  model was 
under te s t*
How c h a r ts  fo r  t h i s  programme are  included  to g e th e r  w ith  
th e  programme in  th e  appendix (B) o f  th i s  thesis*The cases considered  
were as p rev io u sly  m entioned*Considerable d i f f i c u l ty  was encountered  a t  
t h i s  s tage due to  th e  f a c t  th a t  th e  d a ta  lo g g er p r in t  out, o f  r e s u l t s  was 
in  E l l io t  503 language which was n a tu ra l ly  unacceptable to  th e  I.C .L* 
1905 s e r ie s  computer ava ilab le*G reat a s s is ta n c e  was ob ta ined  from Mr. 
A*Brundritt,who developed a t r a n s la t io n  procedure f o r  Algol readingo 
The volume o f in form ation  involved a t o t a l  o f  5¥300 d a ta  numbers which 
obviously precluded  th e  p o s s ib i l i ty  o f manual t r a n s la t io n  c h a ra c te r  by 
c h a ra c te r . •
The r e s u l t s  o f  t e s t in g  th e  la rg e  scale  model dome are  d iv id ed  
in to  two major su b -d iv is io n s : -
(a) G ravity load ing ,un ifo rm ly  d i s t r ib u te d ,f o r  whole and h a l f  su rface  
co n d itio n s .
(b) Simulated wind lo ad in g  from s im p lif ie d  wind tu n n e l i s o -b a r  p lo t s  i s
fo r  u n it  tr ia n g u la r  lo ad  form ation fo r  th e  th re e  cases considered .
The above lo a d in g s ,p a r tic u la r ly  in  th e  case o f g rav ity  
c o n d itio n s ,a re  dep ic ted ,w ith  r e la te d  ambient tem perature read in g s ,o n  
load  -  d e f le c tio n  graphs , f o r  ty p ic a l  d ia l  gauge p o s it io n s ; deform ation -  
time re la tio n s h ip s  are  a lso  shown. ,
4 .2 . R esu lts  o f proposed s tandard  t e s t s  fo r  th e  m echanical p ro p e r tie s  
o f  re in fo rce d  p l a s t i c s .
The mechanical p ro p e r tie s  in v e s tig a te d  were fo r  d ire c t  ten s io n  
, f le x u re ,to rs io n  and in te r la m in a r  shear;and  th e  t e s t s  considered  
re p re se n ta tiv e  specimens from the  t o t a l  ba tches l i s t e d  in .s e c t io n  2.4#
I t  i s  c le a r  th a t  o th e r p ro p e r t ie s ,n o t  te s te d ,c o u ld  a lso  be in v a lu ab le  
fo r  the  s p e c if ic  use o f  re in fo rc e d  p la s t i c s ,p a r t i c u la r ly  those  cases 
r e la t in g  to  sandwich co n s tru c tio n  which would rep lace  simple lam inates  
in  f u l l  sca le  design.These would be fo r  s im ila r  p ro p e r t ie s ,b u t  a lso  
in c lu d in g  side and end com pression ,for a s tandard  sandwich la y o u t,a n d  
would a lso  n e c e ssa r ily  consider th e  d if f e re n t  types o f core m a te r ia l 
which could be adopted.
4 .2 .1 .  T ensile  t e s t .
F IG .65.»shows a comparison o f  t e n s i le  p lo t  fo r  ty p ic a l  
specimens BJB 1 ,4  and 5 ,a l l  composed o f chopped s tra n d  mat re in fo rc e d  
lam in a tes ,b u t o f vary ing  th ick n ess  and w eight.
PIG. 66, shows comparison o f t e n s i le  p lo t  fo r  ty p ic a l  specimens BJB 2 and 
3 , composed o f varying  lam inate th ick n ess  w ith  g lass  tw i l l  weave 
re in forcem ent.
FIG. 6 7 ., shows comparison o f t e n s i le  p lo t  fo r  specimens BJB 7 and 8 ., 
adopting s in g le  6mm, (4:"),and 3mm, (£*'), cord rein fo rcem ent.
.FIG .6 8 . , shows a comparison of t e n s i l e  p lo t  fo r  specimens BJB 9,10 and 14. 
BJB 9 and 10 are composite specimens,BJ310 in c lu d in g  one carbon f ib r e  tow.
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Specimen BJB14 i s  fo r  a s in g le  carbon f ib r e  tow*
The r e s u l t s  fo r  a l l  t e n s i le  t e s t in g  are l i s t e d  in  ta b u la r
form vdth  c a lc u la te d  e la s t i c  modulus and w ith  ac tu a l value o f u ltim a te  
load  in  TABLE*5* - - •• .....
Specimen
Number
Batch
Ref.
% Reinftat. 
by weight
C.S.A. o f
specimen
2mm
U ltim ate
lo ad
N
U.T.S.
N/mm^
E la s t ic  Mod. 
kN/mra^.
1 BJB 1 36 37.74 IMO 116 8.343
2 BJB 2 40 9.16 972 103 10.68
3 BJB 2 40 ’ 8.77 1162 129 12.20
if BJB 2 40 9 .9 4 1180 117 * 9.549
5 BJB 3 38 19.35 3468 176 1 4 .U
6 BJB 3 38 18.70 3377 171 14.89
7 BJB 3 38 19.35 3359 166 15.169
8 BJB if 33.3 23.1 1498 65 6.723
9 BJB if 33.3 23.23 1498 63 6.757
1° BJB if 33.3 18.70 1044 54 7.584
11 BJB 5 40 38.32 2796 72 8.308
12 BJB 5 40 25.61 2814 108 9.515
13 BJB 5 40 , 27.42 2928 105 9.377
14 BJB 7 40 16.77 17479 1020 36.819
15 BJB 8 42 ; 4.39 3155 703 37.577
16 BJB -9 38 34.96 6546 183 15.65
' 17 BJ310 45 37.29 6060 159 16.89
18 BJB14 48 2.93 454 152 84.16
TENSILE TEST RESULTS -
-  TABLE * 5. -
4 .2 .2 .  F lexure t e s t .
4 .2 .2 .1 .  Four p o in t load in g  system.
In  the  t e s t s  to  determ ine load  -  d e f le c tio n  c h a ra c te r is t ic s  
fo r  the  various specim ens,the d e f le c tio n  was measured by d ia l  gauge.Thus 
the  graphs show only th e  s t r a ig h t  l in e  re la t io n s h ip  since th e  gauge was 
rem oved,prior to  excessive deform ation o f th e  specim en,to p rev en t damage. 
In F IG .69 .jthe  lo ad  -  deform ation curves a re  not fo r  com parison,the 
p lo t t in g  being  fo r  specimens BJB11 and 1 9 ,two com pletely d is s im ila r  
specim ens..
FIG.70.,shows a comparison fo r  specimens BJB12 and 1 7 ,the  l a t t e r  be ing  
a composite w ith  carbon f ib r e .
"Where re in fo rc e d  p la s t i c s  a re  to  be used e x te rn a l ly ,th e  
sp e c ia l condition  o f w eathering must be taken  in to  account.Concern has 
been expressed about th e  e f f e c t  o f w ater on th e  e x is t in g  bond s tre n g th .
I t  was th e re fo re  decided to  immerse c e r ta in  specimens in  w ater fo r  fo u r 
days to  check th i s  e ffec t.T h e  specimens se le c te d  were o f s im ila r  
com position to  o th e r specimens w ith in  th e  range te s te d  so th a t  a 
comparison could be achieved.
F u rth e r ,th e  p o s itio n in g  o f th e  carbon f ib r e , i n  com bination 
w ith  th e  g lass  re in fo rc ed  lam inate ,on  e i th e r  the  t e n s i le  o r  com pressive 
fa c e , allow s a comparison fo r  optimum use o f the composite a c tio n .
FIG.7 1 •jshows a comparison fo r  specimens BJB17,ref. 28,29 and 30.
In  combination w ith  chopped s tra n d  mat re in fo rcem ent i t  was 
'dec ided  to  adopt carbon f ib r e  in  s im ila r  form, specimens BJB20,21 and 22, 
having varying  q u a n ti t ie s  o f t h i s  m a te r ia l.F IG .7 2 ., shows a comparison 
fo r  th ese  specimens.
The u ltim ate  load  and c a lc u la te d  f le x u ra l  modulus f o r  normal 
homogeneous specim ens,ref. 19 to  27, in c lu d in g  those im m ersed-in w ate r, 
are shown in  TABLE.6.
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The co nstan ts  used in  the  c a lc u la tio n  o f f le x u ra l  modulus 
fo r  composite specimens adopt average values fo r  the  g lass  reinforcem ent 
to g e th e r  w ith  the  m anufacturers value fo r  carbon f ib r e , ( in s u f f i c i e n t  
t e s t s  having been made fo r  t h i s  m a te r ia l by the  in v e s tig a to r) .T h e se  
co n stan ts  a re  shown in  TABLE.7*
The ta b le  o f r e s u l ts  showing u ltim a te  lo ad  and c a lc u la te d  
f le x u ra l  modulus f o r  composite specimens,TABLE.8. , in c lu d in g  those  
considering  the e f fe c ts  o f w ater immersion are  supplemented by a specimen
.c a l c u l a t io n  fo r  composite HEU values.T he c a lc u la tio n  a lso  shows th e  
p re d ic tio n  o f u ltim a te  load  by l e a s t  moment o f re s is ta n c e .T h is  i s  
d iscussed  in  ch ap te r.6 .
Specimen
Number
Batch
Ref.
% Reinftat. 
by weight
C.S.A. o f
specimen
2mm
U ltim ate
load
N
U.B.S.
kN/mm^
F lex u ra l Note 
modulus 
kN/mm^
19 BJBH 38.3 2. 60. 826.3 2.113 10.43
20 BJB11 38.3 2.69 740 1.989 8.3
21 BJB11 38.3 2 .74 699.16 1.619 ' 7 .75
22 BJB11 38.3 2.72 681 1.687 6 .58  X
23 BJB12 40 2.81 862.6 1.934 7.27 x
24 BJB12 40 2.67 ,808 2.017 8.44
25 BJB12 40 2.79 885.3 2.010 8.92
26 BJB12 40 2.87 917.1 1.927 9.19
27 BJB19 40 0.66 540.3 2.675 5.31
Specimens marked x , were te s te d  a f t e r  soaking, fo r  4 days in  w ate r.
-  FLEXURAL TEST RESULTS -
-  TABLE.6.-
M ateria l U ltim ate bending s tr e s s  
kN /  mm^
F lex u ra l modulus 
kN /  mm^
i jo z  c . s . i r . -
’’Supremat’’
0.201 8.848
lo z  C.S.M. •
“Turner’1 0.198 8.3
High modulus 
carbon f ib re
2.743^ 274o36
-CONSTANTS USED IN CALCULATING- PREDICTED LOAD AND COMPOSITE ELASTIC 
MODULUS IN FLEXURE. -
-  TABLE .7 . -
Specimen
Number
Batch
Ref.
C.S.A. o f
specimen
2mm
fo Reinfmt. 
by weight
C alc, max. 
load  
N
Break
load
N
F lex u ra l 
modulus 
kN /  mm^
28 BJB17 2.92 42 1432 772 21.93
29 BJB17 2.92 bZ. 1348 817 24.22
30 BJB17 3.25 42 1078 454 22.63 x
31 BJB18 3.02 40 1049 318 33.67
32 BJB18 2.64 40 935 227 30.86
♦***' Specimens marked x , immersed in  w a te r .fo r  4 days.
-  TABLE OF RESULTS FOR FLEXURAL TEST -  COMPOSITE SPECIMENS -
-  TABLE .3 . -
SP5CIHEN CALCULATION FOR COMPOSITE ”E" VALUES.
Specimen Ref. BJB17.
n
S tif fn e s s  fa c to r  E I  = E A y^ = 3667.0 x 10
I n e r t ia  fo r  composite,assumed as simple lam inate s iz e ,  b d V  12
S-5Z
1*1 Ar ' J-175
(b)
hi
Q> ^  lY? t z  
C .S .K l. ;
U .M .c.f,
2-4-75
I4-9&
L a m i n a A 1/ 103 EA/103 X EAx/l03 y 2y EAy2/ l 0 3
C.F.
3.175 x 1 .14 3.61 274.36 990.44 5.52 5467.23 1.21 1.467 1452.9
C.S.M.
14.98 x 4.95 74.19 8.848 656.43 2.47 1625.33 1 .84 3.373 2214.1
1646.87 ) 7092.56 3367.0
4.31 mm
I  . = 14.98  x 4.953 /  12 = 151.4  mm4
O
Thus E ..  = 24.22 kN /  mmcomposite
L a y e r
274.36 x 10^ x 1 .78 206020.13317
0.13317
274.36 x 10* x 0 .64 57301
848 x 10 x O.64 0 . 2 0 1  x  1 0(b»)
848 x 10J x 4.31 0 . 2 0 1  x  1 0
3 6 6 7 . 0  x  1 0 0.01039
T h e  l e a s t  v a l u e  o f  u n i t  m o m e n t  o f  r e s i s t a n c e  a t  t h e  u n d e r s i d e  o f  t h e
se c tio n  co n tro ls  the  load in g .S in ce  th e  maximum bending moment fo r  the
_ 1
t e s t  r i g  i s  W L /  8 ,  then  the  c a lc u la te d  breaking  lo ad  = _  x ,
th u s , 1548 N. Px  12,5
4 .2 .2 ,2 .  C an tilev er bend t e s t .
Three sep ara te  groups o f t e s t s  were c a r r ie d  out to  observe 
d if f e r e n t  c h a ra c te r is t ic s  o f  th e  specimen,two fo r  normal lo ad  -  d e f le c tio n
and a th i r d  fo r  creep lo ad in g .
1
The f i r s t  group involved using  th e  t e s t  r i g  as o r ig in a l ly  
d ev ised ,th u s  w ith  the lo ad in g  a t  a le v e r  arm of 250 mm,and th e  d e f le c tio n  
a t  the  f re e  end reco rd e d ,fo r  increm ents o f lo ad  by v isu a l method o f 
s ig h tin g  th e  p o s itio n  o f th e  arm ag a in s t a v e r t ic a l  ru le .A s t h i s  proved 
to  be r a th e r  u n sa tis fa c to ry ,a lth o u g h  a reasonable s tr a ig h t  l in e  graphl
could be drawn,as shown in  FIG.73*»a second group o f  t e s t s  was i n i t i a t e d ,  
th ese  adopted a reduced le v e r  arm o f 100 mm w ith a d ia l  gauge in co rp o ra ted  
fo r  d e f le c tio n  record ing  to  obv ia te  d i f f ic u ly  o f read ing  due to  v ib ra tio n  
from lo c a l  ra ilw ay  t r a f f i c  ad jacen t to  th e  laborato ry .T he r e s u l t s  o f  t h i s  
‘group a re  a lso  shown on FIG.73.
The f in a l  t e s t  group w ith  th i s  apparatus involved th e  same 
in stru m en ta tio n  as th a t  o f group 2, bu t w ith  the le v e r  arm d is tan ce  
inceased  to  150 mm.The read ings were taken  over a p e r io d  o f tim e under 
constan t loading.The r e s u l t s  a re  shown in  FIG.74*, fo r  s im ila r  specimens, 
bu t w ith type B and C having combined carbon f ib r e  on te n s io n  and 
compression faces re sp e c tiv e ly .
4 .2 .3» Torsion t e s t .
R esu lts  shown on FIG.75*, give a comparison fo r  th e  s im ila r  
specimens BJB 4 and 5 , to g e th e r w ith  th e  t e s t  on specimen BJB 3 , d is s im ila r  
to  the above„FI£.7d., shor/s a comparison o f r e s u l ts  fo r  specimens* BJB23 
and 24 ,the  former in co rp o ra tin g  a c a rb o n f ib re  combination.As n o te d ,th e se
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specimens were o f s im ila r  c o n s tru c tio n  to  th e  lam inates used in  th e  
experim ental g r id s ,(s e e  sec tio n  4 .3 . ) .
TABLE *9*,shows r e s u l t s  w ith  c a lc u la te d  values o f shear modulus.
Specimen Batch % Reinfmt. b /  t C.S.A. o f U lt. Torque T' max. G-
Number Ref. by weight r a t io specimen
• 2ram N /  mm^ N /mnr kN/mm^
33 BJB 3 38 12 19.55 1049 126.2 2.87
34 BJB 3 38 10 19.67 1008 115.6 3.70
35 BJB 3 38 10 19.74 1228 140.6 3.57
36 BJB 4 33.3 9 .8 23.23 899.5 76 .8 1 .99
37 BJB 4 33.3 10 21.29 593.8 58.5 1.36
38 BJB 4 33.3 10 22.45 664.2 <•58.5 1 .59
39 BJB 5 ¥> 12 25.8 1545 107 2.42
40 BJB 5 40 10 22.5 1205 106.3 2 .4
41 BJB 5 40 9 25.1 1458 111.1 2.65
42 BJB23 43 7 .35  100.6 5823 52. I 0 . 9 2 -
43 BJB24 41 5.5 93.5 7091 61.7 0 .97
.
-  TABLE V 9>-
4 .2 .4 .  In te rlam in a r shear t e s t .
The r e s u l t s  o f TABLE. 1 0 . ,assuming homogeneity o f  th e  
specimens,show-the values o f maximum shear fo rce  and r e la te d  c a lc u la te d  
maximum and mean shear s tre sse s .A g a in  the  e f fe c ts  o f  w ater immersion a re  
seen fo r  specimen No. 51* marked w ith  an x in  the ta b le .
Specimen
Number
Batch % Reinfmt. 
R ef. by w eight
C .S.A . o f
specimen
2mm
Max. shear 
force  
N
^  mean 
N/mm2
' max. 
i\/mm2
44 BJB11 38.3 69 .O 1244 17.56 26.48
45 BJBll 38.3 70 .3 1321 18.38 27.57
46 BJB11 38.3 6 8 .4 1221 17.42 26.13
47 BJB12 40 6 8 .4 1398 20.02 29.77
43 BJB12 40 69.7 1393 20.02 29.77
49 BJB12 71.6 1485 20.23 30.32
50 BJB17 42 7 7 .4 1417 17.83 26.82
51 BJB17 42 7 9 .4 1480 18.17 27.23 x
52 BJB17. 42 73 .5 1326 17.56 26.34
53 BJB17 42 81.3 1498 17.97 26.96
-  TABLE .1 0 .-
4.3* R esu lts  o f  t e s t in g  experim ental g r id  s tru c tu re s .
As th e  g rid s  were no t te s te d  to  d e s tru c tio n ,th e  EIG-.77 . 5fo r  
load  -  deflection ,show s increm ental and decrem ental cond itions,w h ich  f o r  
the load  range adopted a re  seen to  conform to  the s t r a ig h t  l in e  graph as 
drawn. FIG.77*', shows a comparison fo r  the  two g rids using  specimens 
BJB23 and 24, the  form er haying carbon f ib r e  com bination.
FIG .78., d ep icts  load  -  s tr a in  fo r  the elem ental p o r tio n s  o f  
the grid  fo r  t e n s i le  and compressive cond ition  under the load  range.These 
values are r e la te d  in  the TABLES. 1 1 . and 1 2 . , fo r  shear force  and bending 
moment, in  the members.
The specimen: BJB23. ,was composed o f  10 p ly  ■£U g la ss  cord +
1 !To. tow o f carbon f ib r e  Y/ithin the outer lamina o f  cord; the carbon .
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f i b r e  a d d i t i o n  a m o u n t e d  t o  7 * 6 / 2  o f  t h e  t o t a l  c r o s s  s e c t i o n a l  a r e a * I t  w a s  
o r i g i n a l l y  a s s u m e d  t h a t  t h e  p e r i m e t e r  j o i n t s  o f  t h e  - g r i d s  o f f e r e d  n o  
t o r s i o n a l  r e s t r a i n t  t o  b e n d i n g * T o r s i o n  s p e c i m e n s  w e r e  c u t  f r o m  t h e  
w a s t e  o f  t h e  g r i d  c o n s t r u c t i o n s  a n d  t e s t e d , ( t h e  r e s u l t  b e i n g  a l r e a d y  
s h o w n  i n  s e c t i o n  4 . 2 . 3 . ) .
A n  a t t e m p t  w a s  m a d e  t o  a s c e r t a i n  i f  r o t a t i o n  d i d  o c c u r  a t  
t h e  p e r i m e t e r . T h i s  w a s  c a r r i e d  o u t  u s i n g  t h e  r a t h e r  c r u d e  a p p r o a c h  b y  
a f f i x i n g  d i a l  g a u g e s  i n  h o r i z o n t a l  o p p o s i t i o n * T h e  r e s u l t s  s h o w n  i n  T A B L E .
1 3 .  j  a r e  f o r  c o m p a r i s o n  o n l y 0
L o a d C e n t r a l  L f l n .  (nun) P r o p e r t i e s u n d e r  l o a d y U  S t r a i n
( N )
L o a d  i n c . L o a d  d e c S . P . ( N )  i n
1 •: v i B.M.(kNmm) i n C o m p . T e n s i l e
e a c h  m e m b e r e a c h  m e m b e r
BJB24
31.6 0.27 ' 7 .9 0.905
59 255 208
90.5 0.76 22.6 2.59
100 1.16 36.2 4.15
109 425 330
158 1 .4 39.6 4 .5
172 642 492
212 1.87 53.0 6 .1
231 860 624
236 2 .1 59.0 6 .7 4
254 2<32 63.5 7.25
276 . 2.52 69.0 7 .9
280 * 1080 794
322 2.92 81.0 9.2
327 3.15 82.5 9.3
340 3.15 85.5 9.7 1280 925
376 3.48 94.3 10.7
400 3.71 100.C 11 .4 1510 1115
431 4.06 108. C 12.3
454 4. D 113.5 .... 12.9 1720 1265
---------j \.. . . #
-  TABLE .1 1 .- .
Load C entral D fln . (mm) Proper t i e s under load  - S tra in
(fi) Load in c Load dec S .F .(n ) in B.M. (kltom) in Comp. T en sile
each membr each member
BJB23
68 0.29 17.0 .1 .9 5 143 142
77 . 0.294 19.3 2.20
127 0.58 31.8 3.62 340 330
182 0.95 45.5 5.18 453 443
236 1,22 1.31 59.0 6.70
244 641 622
290 1 .4 4 72 .5 8.28 735 725
344 1.75 86.5 9.32
348 905 885
350 '1 .  91- 87.5 9.95
400 2.08 100.0 11.40
407 1040 980
454 2.34. 113.5 12.90 1150 1110
TABLE, 1 2 ,-
Load (N) D eflec tio n  
BJB23
(mm)"’*"'
BJB24
0 0 0
59 0 4
109 0 4
172 0 20
231 0 40
282 0 ' 70
340 0 90
400 0 120
454 0 135
HOT ATI 01'IAL DEFLECTION OP PEEIIHETSR JOINTS-
-  TABLE,13•-
R esu lts  of-w ind tu n n e l t e s t in g  on shallow  domical s tru c tu re s#
4.4»1« Tunnel tra v e rse  using  P i to t  — S ta t ic  tube read ings on Betz manometer*
The i n i t i a l  tu n n e l tra v e rs e  was undertaken fo r  v a r ia b le  
h o riz o n ta l and v e r t ic a l  p o s it io n in g  o f the  p i t o t  -  s t a t i c  tube in  f ro n t 
o f  th e  ground plane and model as shown in  FIG.79*The read ings on the  
connected Betz manometer were p lo t te d  fo r  v a r ia tio n  o f  v e lo c ity  w ith  
v e r t ic a l  T raverse.F IG .8 0 . , shows th e  v e lo c ity  v a r ia t io n  w ith  d is tan ce  
above the  ground plane fo r  v ario u s  v e r t ic a l  sec tio n s  w ith in  th e  tu n n e l 
and v e r i f ie s  the ex is tan ce  o f uniform  a i r  flow  in  th e  working se c tio n  o f 
the  tu n n e l. .
At the  s id es  o f th e  tunnel,how ever,the  boundary la y e r  reduces 
the v e lo c ity  to  zero over a f i n i t e  w id th .T h is width i s  however unim portant 
whenundertaking the experim ental work on th e  model.
if .i f  2. S ta tic  p o s itio n  o f P i to t  -  S ta t ic  tube in  f ro n t o f model.Readings 
oh t i l t i n g  manometer from p ressu re  on model.
Due to  th e  m u ltitude o f  p re ssu re  read ings on th e  t i l t i n g  
manometer fo r  angu lar p o s it io n  o f  p re ssu re  p o in ts  along th e  lo n g itu d in a l 
ax is ,from  -60° to  +60° to  th e  d ire c tio n  o f  th e  wind flow ,w ith  sep ara te  
read ings being  taken fo r  each 15° in te rv a l  o f  r o ta t io n ,e le c t r o n ic  
computation was u t i l i s e d  fo r  th e  de term ination  of p ressu re  c o e f f ic ie n ts .
The flow diagrams fo r  dynamic p ressu re  and p ressu re  
c o e f f ic ie n ts  re sp e c tiv e ly  from which th e  computer programme w asvw ritten , 
to g e th e r w ith  the  programme a re  shown in  appendix (A).
FIG .Sl.,show s a d is t r ib u t io n  o f p ressu re  c o e f f ic ie n ts  fo r  
various p o s itio n s  on th e  diam eter o f  the  dome p a r a l le l  to  th e  wind flow . 
C ase .( 1 ) . , fo r  the c losed  sided  model, and c a s e .( 2 ) . , fo r  th e  open s ided  
model9fiv e  f iv e  d if f e re n t  wind speeds,and c a se .(3 )« , which r e f e r s  to  the  
open sided  model w ith  roughened su rfa c e ,g iv e s  the  same v a r ia b le s  f o r  th re e
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U S3-0 C3-4 23-3
PLOf
A X /S
o p  p P £ 5 S C / £ £  C o £ £ £ / < T / £ M J S  P O P  A C C  P P £ S S C /J P £  P O W P S  A C O M G  C O A /G //~ C /0 / a/ A £  
,  C f i * 0 ) ,  O C /£  p O  C /M /P  H ' / M d  P P £ S S C S £ £  p o p  S S A K /O C /S  iV /M D  ^ £ C O C / p / £ S .
d if f e re n t  wind speeds.For th e  h ig h er wind speeds i t  may be seen th a t  th e re  
i s  an approximate l i n e a r i t y  between p re ssu re  d is t r ib u tio n  and v e lo c ity , 
b u t i t  i s  su rp r is in g  to  f in d  th a t  f o r  th e  low er wind speeds th e re  i s  l i t t l e  
resemblance to  a l in e a r  r e l a t io n s h ip . l t  might have been expected th a t ,  
due to  the  lower le v e l  o f boundary la y e r  d istu rbance in  th e  lov/er speed 
r a n g e ,l in e a r i ty  would be achieved .
FIG-.8 2 . , shows contour l in e s  o f th e  p ressu re  d is t r ib u t io n  over 
the  dome surface fo r  th e  th re e  cases mentioned above.The p re ssu re  values 
are  seen to  decrease in  magnitude in  a l l  cases considered  as th e  d is tan ce  
in c reases  from th e  r in g  beam to  th e  cen tre  o f the  dome.The roughened 
su rface  dome g en era lly  shows v a lu es o f th e  o rder o f 10% h ig h er than  those 
o f th e  smooth surface  dome on th e  windward s id e ,b u t th e  two domes have 
s im ila r  values on the leew ard side*
C learly  i t  would be im possible to  expose an experim ental 
model to  a load ing  arrangement derived  from th e  p re ssu re  diagrams as  
shov/n in  the  f ig u re  and th e re fo re  th e  diagrams have been s im p lif ie d  to  
those shown in  FIG-.8 3 .: This f ig u re  i s  sub-d iv ided  in to  16 u n it  t r ia n g u la r  
areas.W ith  the  iso -b a r  contours in d ic a te d  i t  i s  c le a r  th a t  th e  u n it  
t r ia n g le s  allovf a c lose approxim ation to  th e  a c tu a l p lo t te d  v a lu es  so 
th a t  th e  load  summation i s  equal to  th e  wind load ing  on th e  dome su rfa c e .
R esu lts  o f t e s t in g  la rg e  sca le  s t a t i c  model.
The la rg e  sca le  s t a t i c  model, geom etrica lly  s im ila r  to  th a t  
te s te d  in  the  wind tu n n e l,b e in g  te s te d  under th e  sep ara te  co n d itio n s  o f 
bo th  g rav ity  and suc tion  lo ad in g  p laced  th e  s h e ll  in  e i th e r  a com pressive 
o r te n s i le  s ta te  re sp e c tiv e ly  w hile conversely  s tra in in g  th e  r in g  beam. 
Connected d ia l  gauges were read  fo r  each s e t o f  su rface  s t r a in  o u tp u t on 
the data logger thus giving a s so c ia te d  deform ation p lo t t in g  f a c i l i t y .
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G r a v i t y  l o a d i n g  t e s t s  c o m m e n c e d  i n  J u n e  1 9 7 1 , a f t e r  t h e  i n i t i a l
0 — 3  k g *  l o a d i n g  h a d  " b e e n  a p p l i e d  t o  s t r e t c h  t h e  n y l o n  l o a d i n g  s t r i n g s ,
c o n s i s t e d  o f  f i v e  t e s t  a r r a n g e m e n t s , f o r  w h o l e  a n d  h a l f  d o m e  l o a d i n g *
C r e e p  t e s t i n g  w a s  c a r r i e d  o u t  u n d e r  m a x i m u m  l o a d  c o n d i t i o n s  a n d  r e c o v e r y
a l l o w e d  p r i o r  t o  t h e  c o m m e n c e m e n t  o f  t h e  n e x t  c a s e *
T h e  c o m p l e t  s e t  o f  e x p e r i m e n t s  i s  l i s t e d  a s  u n d e r , t h e
d i a g r a m m a t i c  l o a d i n g  c o n d i t i o n s  b e i n g  m a r k e d  x  f o r  e a c h  e x p e r i m e n t *
I n i t i a l  t e s t  0 -  3kg ' W h o l e  d o m e  l o a d e d  1 .6 .71
T e s t . l .  0 -  5*4 5 k g ' W h o l e  d o m e  l o a d e d  10 .6 .71
■x
x x Creep lo ad in g  a t  22*hr. in te rv a l  11 .6 .7 1  -  21.6 .71
x
L o a d  r e l e a s e d  a n d  r e c o v e r y  r e a d i n g s  t a k e n
21.6 .71  -  22 .6 .71
T e s t . 2. 0 -  5•45kg W h o l e  d o m e  l o a d e d  22.6 .71
o
o o Creep load in g  22.6 .71 -  5*7.71
X  * X 
X
L o a d  r e l e a s e d  a n d  r e c o v e r y  r e a d i n g s  t a k e n  5 .7 .7 1
T e s t.3 . 0 -  5.45kg H alf dome loaded  6 .7 .7 1
ox Creep load in g  6 .7 .7 1  -  8 .7 .7 1o x
o x  ( L o c a l  c o l l a p s e  b u t  n o  d a m a g e , d i s h i n g  d i s a p p e a r e d
w h e n  l o a d  w a s  r e m o v e d ) .
T e s t . 4 . 0 -  5kg H a l f  d o m e  l o a d e d  13 .7 .71
°x C r e e p  load in g  13 .7 .71  -  19 .7 .71
O X
o x  L o a d  r e l e a s e d  a n d  r e c o v e r y  r e a d i n g s  t a k e n
19 .7 .71  -  28.7 .71
5 k g  l o a d  r e a p p l i e d  2 8 . 7 . 7 1
C r e e p  load ing  29.7*71
T e s t . 5* 0 -  5kg H a l f  d o m e  l o a d e d  7 .10 .71
x o
C r e e p  load in g  7 .1 0 .7 1 - 21.10.71X  o
x o  L o a d  r e l e a s e d  a n d  r e c o v e r y  r e a d i n g s  t a k e n
21.10.71
As no tem perature reco rd  was taken  during th e  above 
ex p erim en ts ,th is  now 'is  thought to  be a co n trib u to ry  f a c to r  in  the  
c o llap se  o f t e s t  3>a reco rd  was ob ta ined  from the. n e a re s t M etero log ical 
s ta tio n ,w h ich  i s  s i tu a te d  a t  W isley.The a sso c ia te d  tem peratures are  
p lo t te d  w ith  th e  deform ation curves and ten d  to  b ear out t h i s  -finding  
and show th a t  such high tem peratures must be taken in to  c o n s id e ra tio n  
when designing  la rg e  s tru c tu re s  in  re in fo rc e d  p la s t i c s .
4*5*1*1* Uniformly d is t r ib u te d  lo ad in g  over t o t a l  dome su rface .
FIG.84.*shows the  deform ation ,creep  load in g  and recovery  fo r  
ty p ic a l  d ia l  gauge read ings along one ra d iu s  of the  dome.The tem perature 
v a r ia tio n  during the p e rio d  o f th e  creep t e s t  i s  superim posed .it i s  c le a r  
th a t  a uniform behaviour e x is te d  during  lo ad in g ,c reep  and reco v e ry ,th e  
t o t a l  creep in  eleven days being  approxim ately equal to  between 1% -  l$fo 
o f th e  t o t a l  load  deform ation.
R eferrin g  to  FIG-. 53*, which shows the lay o u t o f the  s t r a in  
gauges on one diam eter o f  th e  in n e r  and o u te r su rfaces  o f  th e  dome,the 
numbering: o f  th e  gauges fo r  computer computation i s  l i s t e d  in  b lo ck s  o f 
th re e  gauges p e r  rosette .G auge marking i s  0 -  99j excluding numbers 43,49 
and 9 8 ,99>which are  th e  c a l ib ra t io n  output numbers o f th e  data  lo g g e r .
An i n i t i a l  no lo ad  read in g  was taken  as a base l in e  re fe re n c e  
fo r  a l l  read ings o f  the  te s t.T h e  m ultitude  o f s t r a in  read in g s  were fe d  
as da ta  d i r e c t ly  to  th e  programme fo r  p r in c ip a l  s tr e s s  determ ination .T he 
r e s u l t s  f o r  ty p ic a l  gauges in  a l l  t e s t  experim ents a re  shov/n in  se c tio n  
4*6 #1#
4.5*1*2. Uniformly d is tr ib u te d  lo ad in g  over h a lf  dome su rfa c e .
•FIG.8 5 . , shows deform ation ,creep  and recovery  fo r  t e s t  No.2. 
f o r  h a l f  dome lo ad in g ,in c lu d in g  tem perature v a r i a t io n . l t  i s  seen th a t  a 
non-uniform behaviour e x is te d  in  the  o u te r  p o rtio n  o f th e  s h e l l , th e
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deform ations fo r  d ia l.g au g es  (3) and (5) b e ing  of a s im ila r  n a tu re  and 
in tensity*C reep  v tith in  the  dome i s  seen to  be q u ite  nominal d e sp ite  the  
a l te rn a t in g  tem perature v a ria tio n *
Recovery on removal o f th e  lo ad  -eras ra p id  and alm ost complete 
w ith in  a very  sh o rt tim e duration*
FIG-. 8 6 ., shows deform ation r e s u l t s  o f load in g  and creep fo r  
t e s t  No.3«The lo ad  -  displacem ent curve in d ic a te s  uniform in c re a se  o f 
s t r a in  fo r  th e  ty p ic a l  d ia l  gauges chosen*
During th e  creep t e s t in g  fo r  t h i s  experiment th e  ambient 
tem perature ro se  to  85°F,(29*4°C),and was m aintained during  one day*
The s t a t i c  t e s t  model was p laced  d ire c t ly  below a tra n sp a re n t c i r c u la r  
dome which was slung from th e  ro o f  o f the  la b o r a to ry . l t  i s  assumed th a t  
t h i s  dome concen tra ted  the  hea t from d ire c t  su n lig h t to  one p a r t  o f  th e  
t e s t  model shell*A sudden lo c a l is e d  co llap se  of the  s h e ll  occurred  as 
dep ic ted  in  the  figure*  The lo ad in g  p la tfo rm  prevented  any c a ta s tro p h ic  
f a i lu r e  o f the  dome; on removing th e  t o t a l  lo a d  from th e  dome th e  
in d en ta tio n  immediately disappeared*
To ensure th a t  f u r th e r  lo c a l  co llap se  d id  not occur during  
subsequent t e s t s , t h e  h a l f  dome lo ad in g  was reduced to  0 -  5kg range in  
-the fo llo w in g  test.FIG-* 87*, shows th e  load  v e rses  deform ation ,creep  and 
recovery fo r  t e s t  No.4»>the lo ad in g  being  on the same demi-hemisphere o f  
th e  dome as in  th e  p rev ious t e s t . l t  i s  seen th a t  d e sp ite  th e  lo c a l  
in d e n ta tio n  o f t e s t  No.3 * ,and high  tem perature cond itions s t i l l  
p re v a il in g  during the  te s t ,n o  fu r th e r  d ish in g  occurred*Creep deform ation 
i s  shown to  be o f the o rder o f 20% o f  the t o t a l  displacem ent and a lthough  
on removal o f load  the  recovery a t  the  crown was alm ost com plete ,the  
o u te r reg ion  o f the  s h e ll  was slow to  reco v er.
Load verses  deform ation,creep and recovery fo r  t e s t  No.5** 
c a rr ie d  out under w idely v ary in g ,b u t coo ler c o n d itio n s ,is  shown in  FIG-.8 8 ., 
where good uniform behaviour i s  again  in d ic a te d  to g e th e r  w ith  alm ost f u l l
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re c o v e ry .in  sh o rt d u ra tio n  a f t e r  removal o f th e  load* .
Creep deform ation in  fo u rteen  days amounted to  approxim ately 
10$ o f  th e  in stan tan eo u s deform ation under maximum load*
S tra in  r e s u l t s  in  a l l  th e  above t e s t s  were again  fed  d i r c e t ly  
to  the  programme fo r  th e  determ ination  o f p r in c ip a l  s tresses ,show n  in  
sec tio n  4 *6 . 1 .  *
4*5.2 . Sim ulated wind load ing  from wind tu n n e l p ressu re  p lo t*
With th e  completion o f th e  g ra v ity  lo ad  te s t in g ,a l t e r a t io n s
to  th e  dome s tru c tu re  began in  December 1971 fo r  the wind sim u la tio n
experim ents .The a l te r a t io n s  were o f  a m ajor n a tu re  and a re  d ep ic ted  in
FIG-S*50 and 52, sec tio n  3*4*Loading cond itions were f o r  70; 100 and 140 mph,
b u t as can be seen from FIG-*53«»the lo ad in g  i s  in  a simple r a t i o  f o r  th e se
v e lo c i t ie s  and thus only th e  maximum speed i s  d ep ic ted  here*The lo ad
r a t io s  a re  seen to  be 1 : 2 :4*
A complete load ing  p la n  was evolved in  accordance w ith  the
s im p lif ie d  iso -b a r  p ressu re  d is t r ib u t io n ,a s  shov/n in  FIG -.83.,for th e  th re e
wind tunnel conditions*S ince th e  s t r a in  gauges were p laced  along one
diam eter o f the dome,the cases considered  the  wind lo ad in g  d ire c t io n  fo r  
o o0 and 90 to  th e  l in e  o f s t r a in  ro se tte s ,te rm e d  the  lo n g itu d in a l a x is .
The dome su rface  be ing  d iv ided  in to  15° segments,gave 12 No* 
segments to  each side  o f  t h i s  lo n g itu d in a l a x is  o f th e  s h e l l  diam eter*
As shown in  th e  FIG-.83., th ese  were numbered 1 -  12*The u n it  t r ia n g u la r  
load ing  was then  derived  from th e  c o e f f ic ie n ts  based  upon th e  wind
p res  su re , which fo r  a 140mph wind speed, (62.63  m /s ) , i s  50.2  l b f / f t  ,
2
(2 .5  kN/m ).The t o t a l  load ing  system was co n stru c ted  usin g  kilogramme, 
pound and washer w eig h ts,th e  l a t t e r  weighing 0*065k g ,fo r  each se p a ra te  
or combined hanger load  p o in t;  and fo r  each o f  th e  12 segment s . The u n i t  
segmental hanger system i s  shown in  FIG-.89.The lo ad in g  system was 
d isp laced  through 90° fo r  th e  second wind co nd ition  fo r  each o f th e
— F /G .89. —
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th re e  cases considered*
4*~5»2.1. Case *1* -  140 mph., (Closed side  condition)*
FIG.90*,shows th e  lo ad  vershs d isp lacem ent,creep  and recovery
fo r  the  wind d ire c tio n  a t  0° to  the  lo n g itu d in a l a x is  o f  th e  s t r a in  >
• /
rosettes*T he displacem ents f o r  gauges (3 ) ;(5 )  and (7) a re  in  th e  expected 
sequence,hut th e  displacem ents fo r  gauges (15) and (20) are  r a th e r  
g re a te r  than  would be expected s in ce  t h e i r  p o s it io n  r e la t iv e  to  th e  s t i f f ,  
clamped r in g  beam i s  s im ila r  to  th a t  fo r  th e  gauge (3)»
The v a r ia t io n  in  displacem ent due to  creep show a p a t te r n  o f  
s im ila r i ty  fo r  the  s h e ll  a c tin g  as a te n s io n  element*
The displacem ents f o r  a wind d ire c tio n  a t  90° o r ie n ta tio n  to  
th e  lo n g itu d in a l ax is  fo r  th i s  case,FIG .91*,show a wide s c a t te r  o f  
read ings about the  norm graph line*A  p o ss ib le  exp lanation  fo r  t h i s  may 
be due to  th e  co n tin u al r e d is t r ib u t io n  o f load ing  w ith in  th e  m a te r ia l 
w hile a t  r e la t iv e ly  h igh  ambient tem perature co n d itio n s .
The displacem ent p lo t  fo r  the gauge (2 0 ) ,i s  th e  only one out 
o f  p h ase 'w ith  the  o th e r readings,show ing an enhanced te n s i l e  a c tio n  
d e sp ite  minimum c o e f f ic ie n t  loading*
4 .5 * 2 .2 . Case*2. -  140 mph., (Open s id e  condition)*
Typical gauge read ings shown in  FIG.9 2 ., fo r  th e  wind 
d ire c tio n  a t  0° to  the  lo n g itu d in a l a x is  again  gives c o rre c t s e q u e n tia l 
displacem ent fo r  the gauges (3 ) ;(5 )  and (7 ) ,b u t a lso  shows enhanced ; 
displacem ent fo r  the  o th e r gauges c o n s id e re d .l t  does however conform to  
the previous case showing s im ila r ,th o u g h  h igher,d isp lacem en t c o n d itio n s .
FIG.93*,fo r  th e  90° wind d ire c tio n ,o n ly  c a r r ie d  out f o r  
sh o rt d u ra tio n ,in d ic a te s  a s im i la r i ty  o f displacem ent fo r  th e  lo n g itu d in a l  
a x i s , ( in  th i s  c o n d i t io n ,la te ra l  to  th e  wind d ire c tio n ).T h e  l a s t  p o in t 
shown on curve (15) may be in  e rro r ;h a d  fu r th e r  read ings been observed
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fo r  t h i s  t e s t  these  read ings may have shown s im ila r  tre n d s  to  o th e r  gauge 
p o in ts  fo r  th i s  t e s t . I t  i s  f u r th e r  s e e n ,fo r  t h i s  s t a t e , t h a t  100% o r 
g re a te r  recovery  occurred a t  each o f th e  gauge p o in ts .
4*5*2*5* C ase.3* -  140 mph., (Open side co n d itio n ,b u t w ith  roughened 
su rfa c e ) .
F IG r .  9 4 *  > shows a good conform ity fo r  displacem ent a t  th e  gauge 
p o in ts  w ith  th e  exception o f gauge (2 0 ).However th e  co n d itio n  fo r  t h i s  
l a t t e r  gauge p o in t fo r  t h i s  wind d ire c tio n  i s  a t  l e a s t  c o n s is te n t w ith  
the  p rev ious cases.A  reasonable  exp lanation  may be th a t  t h i s  se c tio n  o f 
th e  t e s t  m odel,being s i tu a te d  under th e  tra n sp a re n t dome suspended from 
th e  la b o ra to ry  c e ilin g ,c o u ld  have undergone a h igher tem perature 
v a r ia tio n  than  th a t  on th e  o th e r p o rtio n s  o f th e  dome due to  th e  
co n cen tra tio n  o f the  sun*s rays and th u s  lo c a l ly  reducing  th e  i n t r i n s i c  
p ro p e r tie s  o f  the  m a te r ia l.
The curves o f  displacem ent fo r  th e  wind d ire c t io n  a t  90° 
fo r  th i s  case,shown in  FIG-.95*>f u r th e r  re in fo rc e s  th e  above assum ption 
f o r  the  lo c a l  a rea  a t  gauge (2 0 ).A ll o th e r  curves fo llow  th e  c o r re c t ,  
expected, sequence and show a conformable re la tio n s h ip  f o r  th e  lo n g itu d in a l  
a x is  o f the  model.
This l a t t e r  s e t  o f t e s t s  was in tro d u ced  fo r  co rro b o ra tio n  
only and may s a t i s f a c to r i ly  be considered  to  have achieved t h i s  s t a t e .
4*6* Determ ination o f p r in c ip a l  s tr e s s e s  fo r  th e  la rg e  s t a t i c  model.
The layou t o f  the  r o s e t te  f o i l  s t r a in  gauges,(type FR8;120 
ohm),along one diameter,was- shown in  FIG-.53*,the  gauges b e in g  a f f ix e d  on 
both  surfaces.E ach  gauge was s e t  out f o r  read ing  th e  m erid ian  and l a t i tu d e  
s t r a in  to g e th e r w ith the 45°shear s t r a in .
The numerous r e s u l t s  o f  p r in c ip a l  s tr e s s e s  fo r  trie v a r ie ty  
o f load ing  cases were derived  from system atic  s t r a in  reco rd in g s  by th e
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use o f a data logger fo r  each lo ad  increm ent and a t  re g u la r  d a ily  in te rv a l  
during  creep te s tin g .T h e  out p u t read ings o f  th e  da ta  lo g g er co incided  
w ith th e  read ing  o f th e  d ia l  gauges fo r  deform ation,The d e r iv a tio n  o f 
p r in c ip a l  s tre s s  from recorded  s t r a in s  i s  shown in  sec tio n  5*3*>and 
-depicted on the  flow diagram,which w ith th e  computer programme i s  shown 
.in  Appendix (B),
However,prior to  be ing  ab le  to  make use o f  the  recorded  s t r a in  
on th e  tape output o f th e  data  lo g g e r ,a  fu r th e r  programme had to  be evolved 
to  t r a n s la te  th e  tape  output i n  E l l io t  503 in to  Algol language, s u ita b le  
fo r  the  1900 s e r ie s  computer used ,S ince t h i s  t r a n s la t io n  was p e c u lia r  to  
the  W estland data  logger u sed ,th e  computer programme i s  not in c lu d ed  h e re .
As th e  p r in c ip a l  s tr e s s  output o f  the  .programme f o r  each t e s t  
considered  was as numerous as th e  i n p u t , i t  was decided to  norm alise the  
s tr e s s e s  w ith re sp e c t to  those  a t  th e  crown o f the dome m odel,F urther, 
to  obviate  th e  n e c e ss ity  o f s im ila r  p lo t t in g  a t  each lo ad  in crem en t,a  
graph o f ty p ic a l  s tr e s s  a g a in s t load  was drawn,However,this to o ,f o r  the  
eleven t e s t s  considered,w as deemed unnecessary to  be given h e re ,T h e re fo re , 
w ith the exception o f th e  f u l l  su rface  g ra v ity  load  te s t ,o n ly  th e  p lo t t in g  
o f s t r e s s  c o e f f ic ie n ts  i s  shown,
4»6«1» G ravity load ing ,
F I G - . > shows th e  m eridian  s tr e s s  fo r  f u l l  su rface  lo ad in g , 
the s tr e s s e s  being  reduced to  c o e f f ic ie n ts  o f  the u n i t  value a t  th e  crown 
o f the  dome.These c o e f f ic ie n ts  a re  shown fo r  load  increm ent 1kg -  5*45kg. 
The diagram o f ty p ic a l  s t r e s s  d is t r ib u t io n  shows co m p ress iv e ,(n eg a tiv e ), 
and t e n s i le , ( p o s i t iv e ) , s t r e s ,T h is  sign convention i s  used th roughout. 
L a titude  s tr e s s  i s  shown on FIG-.97 .The load  —s tre s s  increm ent p lo t  i s  
shown on FIG,98.
Experimental r e s u l t s  o f  m eridian s tre s s  fo r  the  h a l f  su rface  
lo a d in g ,( te s ts  Nos, 2 — shown on FIG.99*? in  c o e f f ic ie n t  form.
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The load ing  o f t e s t  No.2 ,gave s t r e s s  co nd itions fo r  th e  lo n g itu d in a l 
d iam eter,th e  p lo t  showing loaded and unloaded s id es  o f th e  dome.Tests 
Nos.3 j4 and 5 gave cross  diam eter co n d itio n s ,th e  s t r a in  gauges "being on 
the  dem arcation "between loaded and unloaded s id e s .
Test No .4* was c a r r ie d  out due to  th e  nominal c o llap se  o f 
t e s t  N o .3 .jth e  rep ea t t e s t  showing no inden ta tion*T est No.5#*had th e  lo ad  
p laced  on the  opposite  s ide  to  prove th e  homogeneity o f th e  model.
FIG .100., shows th e  l a t i tu d e  s t r e s s  c o e f f ic ie n ts  f o r  th e  
lo n g itu d in a l diam eter fo r  th e  h a l f  load ing  o f t e s t  No.2. In  th e  f ig u re ,  
although u n it  c o e f f ic ie n t  i s  shown a t  the  crown,the c o rre c tin g  l in e  i s  
shown fo r  c o n tin u ity  through th a t  p a r t  o f th e  su rface .
The cross  d ia m e te r ,la ti tu d e  s t r e s s  c o e f f ic ie n ts  f o r  t e s t  Nos. 
3 ,4  and 5 a re  shown conpared on FIG.101.
4*6.2. Simulated wind load ing  ca se s .
The cases considered  conformed to  those taken  fo r  th e  wind 
tu n n e l experiment s . The load ing  follow ed th e  s im p lif ie d  u n i t  t r i a n g le  
arrangement s im u la ting  th e  iso  -  "bar p lo t t in g  shown in  se c tio n  4 .4 .2 .
The t e s t s  were c a r r ie d  out fo r  symmetry o f  load ing  a t  0° and 90° to  th e  
lo n g itu d in a l ax is  o f th e  model.The lo ad in g  sim ulated  th e  co n d itio n s  f o r  
70mph. ,100mph. ,and 140mph., thus 0.25 ; 0 .5  and f u l l  u n i t  lo ad in g  o f  th e  
maximum velo c ity .O n ly  maximum v e lo c i ty  co nd itions a re  shown here .F IG . 102. , 
shows the m eridian and la t i tu d e  s t r e s s  c o e f f ic ie n ts  fo r  th e  c a s e . l . , 
(c lo sed  s id e s ) , comparing windward,leeward and cross diam eter s t r e s s e s .
Case.2 . ,  (open s id e s ) ,s t r e s s  c o e f f ic ie n ts  are  shown in  FIG.103. 
FIG .104., shows the  cond itions fo r  the  ca se .3 * , (open s id es  and T/ith 
roughened s u r f a c e ) , th is  l a t t e r  being  fo r  comparison on ly  w ith  th e  c a s e .2.
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CHAPTER .5* -  ANALYTICAL SOLUTION TO MODEL REINFORCED PLASTICS
 ~ STRUCTURES.
-5 .1 . I n tro d u c tio n
* •
Experim ental methods o f  t e s t in g  are  time consuming, 
expensive and open to  many o u tsid e  in flu en c es  fo r  each s tru c tu re  te s te d *  
Many in flu e n c es  may a f f e c t  th e  s tru c tu re  during  m anufacture and w hile 
under t e s t  .M a te r ia ls  a re  expensive as  a re  support fram ing, lo ad in g  frame 
and d e l ic a te  s t r a in  m easuring equipment .Tem perature and hum idity add to  
th e  v a r ia t io n  from th e  id e a l  t e s t in g  co n d itio n .F u rth e r,d u e  to  com plex ities  
o f  experim ental lo ad in g  and th e  p r a c t ic a l  d i f f i c u l t i e s  o f  a p p lic a tio n , 
s im p lif ic a tio n  o f bo th  th e , lo ad in g  and mode o f  a p p lic a tio n  d e tr a c t  from 
a c tu a l  co n d itio n s.T h is  l a t t e r  term  i s  i t s e l f  m islead ing  where wind 
tu n n e l lo ad  i s  concerned since  th e  f re e  stream  i s  not a  t ru e  
re p re se n ta tio n  o f wind on th e  p ro to type.T hus th e  experim ental method 
although p rov id ing  a v is u a l re p re s e n ta tio n  in  m in ia tu re  s t i l l  re q u ire s  
assum ption fo r  many boundary co n d itio n s  which g en e ra lly  over s im p lify  
th e  b a s ic  th e o r e t ic a l  re sea rc h  p ro je c t  envisaged.Even when th e  numerous 
t e s t  o p era tio n s  a re  com pleted ,the r e s u l t s  must be in te rp r e te d  and graph 
p lo ts  d e ta i le d  p r io r  to  p re d ic tio n  co nclusions.
I t  i s  th e re fo re  lo g ic a l  to  a ttem pt a m athem atical so lu tio n  
i n  s p ite  o f  numerous l im it in g  boundary cond itions n ecessary  to  m ain ta in  
a s im p lif ie d ,y e t te n ta t iv e ly  v a l id ,a p p ro a c h .In i t ia l ly  how ever,it i s  
n ecessary  to  comply to  b o th  forms o f  p re d ic tio n  fo r  s t r e s s  param eters to  
endeavour to  t a i l o r  th e  equ iv a len t co n fig u ra tio n  as n ear as  p o s s ib le  to  
th e  s t r u c tu r a l  form and lo ad  a p p lic a tio n .T h is  l a t t e r  i s  p a r t ic u la r ly  
d i f f i c u l t  where th e  s tru c tu re  i s  a s h e ll  continuum ,the m athem atics b e in g  
complex and i l l  cond itioned  .to th e  a c tu a l f ib ro u s  composite c o n s tru c tio n .
Computation in v o lv in g  complex and numerous c a lc u la t io n  i s
. b e s t,  achieved by th e  s t i f f n e s s  m e th o d ,e ith e r by hand ,o r f o r  more-complex 
s tru c tu re s ,b y  th e  use o f  th e  e le c tro n ic  computer*
Thi s in v e s tig a tio n  shows th e  use o f hand com putation f o r  th e  
'sim ple g r id  s tru c tu re  considered ,though i t  i s  c le a r  th a t  as  th e  com plexity 
o f  th e  s tru c tu re  in c re a se s  such a method i s  im prac tica l*F or th e  s h e ll  
s tru c tu re  th e  uniform g ra v ity  lo ad in g  co n d itio n  i s  undertaken by th e  
t r a d i t io n a l  membrane an a ly s is ,w h ile  a l l  fu r th e r  com putation ,includ ing  
th e  uniform  load in g  c a se ,a re  solved by th e  computer programme ” PINS H, 
as  shown in  th e  Appendix (C),and describ ed  in  sec tio n  5*4*
5.2* M atrix a n a ly s is  f o r  th e  simple g r id  s tru c tu re ,
PIG-* 105* ,shows th e  lay o u t o f  th e  sample o rthogonal g r id  w ith  
r ig id  joints*T he j o i n t s .1 ; 2 ; 4  and 5>are ground,or support jo in t s ,  
th u s  th e  only a c tiv e  jo in t  i s  th a t  marked 3»
The f ig u re  a lso  shows th e  member and frame c o -o rd in a te  system 
and i t :  i s  seen th a t  f o r  members 1 - 3  and 3 -  5 » th e  member and frame 
co -o rd in a te  axes coincide*C o-ordinate axes fo r  th e  members 2 -  3 and 
3 - 4  a re  d isp laced  by 90° f o r  th e  X and Z axes,bu t co inc ide  fo r  th e  
Y axis*
For th e  two frames t e s t e d ,o f  ex ac tly  s im ila r  geom etric la y o u t, 
one was m anufacture in  type BJB24,( 10 p ly  g lass  cord ) , w hile th e  o th e r  
was in  type BJB23,( as f o r  BJB24,but w ith 1 No* tow carbon f ib r e  w ith in  
th e  o u te r  la y e r  o f th e  extreme faces)*The a reas  and simple i n e r t i a s  f o r  
th e  members o f  re c ta n g u la r  c ross  sec tio n  th e re fo re  v a r ie d  only  by th e  
small amount o f the  eq u iva len t carbon f ib r e  addition*
The f le x u ra l  modulus fo r  the  -g1’ g lass  cord*in  th e  o r ie n ta t io n  
•of th e  m anufacture,was taken  to  be s im ila r  to  th a t  o f  th e  l | o z ,lSupremat‘,f
7 2
thus 8*9 x 10 N/mm • Since th e  carbon f ib r e  had only very  nominal a re a , 
i t  was assumed th a t  th e  f le x u ra l  modulus be based on th e  f r a c t io n a l  r a t io  
o f tow th ick n ess  to  general measured w idth o f  the  r e s in  covered tow ,as
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shov/n in  th e  specimen c a lc u la tio n  o f sec tio n  4*2. 2.1  •
' _  2 7 4 * 3 6  X  Q . l 6  _ _  o  n n 3  r r /  2
Thus» f le x u re ( c.irbon fit> re)= 3.175  = 13 .8  x 10 N/mra
The to r s io n a l  co n s tan t,J ,w as  tak en  to  be 0.333*(see sec tio n  
2, 5*3*)»although th e  b read th  to  th ick n e ss  r a t io  fo r  th e  two types v a r ie d
from 5*5 to  7.35*
Although th e  specimens were te s te d  in  to r s io n ,th e  r i g i d i t y  
o f  th e  g rid  s tru c tu re  and th e  o r ie n ta tio n  o f  th e  members to  bending 
a c tio n  was o f  a d if f e re n t  na tu re  and thus th e  modulus o f  r i g i d i t y  was 
taken  to  be p p  • .
The elem ental s t i f f n e s s  p ro p e rty  fo r  each type was c a lc u la te d  
as  shown below by e la s t i c  a n a ly s is  o f  th e  law o f  m ix tu res ,an d  th e  
composite modulus d erived  usin g  th e  simple i n e r t i a  o f  th e  specimen*
FIG. 1 0 6 . ,shows th e  id e a l is e d  c ro ss  se c tio n s  o f  th e  g r id  
specimens and the  dimensions used in  th e  analyses*
Type . Lamina A l / lO 3 E A / 103 y 2y E A y 2/ l 0 6
BJB24 22.8  x  4 .1 93.5 8 .9 832 5.7 32.5 27.04
■^simple ~
4 .1  x 22, 
12
• B3 4049.5 mm^
Bcomposite = 6.67 x 103 N/ mm2
BJB23 2x3.175x1.14 
24.72x3.75
7 .2
93.4
■13.8
8 .9
99.3
831.3
10.61  112.5  
6.42  41 .2
11.17
34 .24
100.6 45.41
■^simple
3.75 x 24. 723 
12
= ^657.64 mm^
Ecomposite = 9.74 x 103 N/ mnr
A SS#*!££> c e c J S 'S £ C r/C * / & /£  2 4  
f / a p t y f  c rC A ss  c o x # ) .
Cor6en f/6 r e  few.
A SS(/M £ 6  c e a s S 'S s c r /o #  b j b s j .
( t o  P C /s  fa 'a iA S S  ce£J>  M r #  /H 'T o W  
CA 8 0 0 #  f /S P S  W 7i/f#£A C #o#r£# P I Vj.
^Transformation m atrice s: ( fo r  g r id  members shown in  FIG-.105 )•
Member Member
1H 
.
1 0 0 ■ : 2 - 3 0 0 1
3 - 5 0 1 o 3 - 4 0 1 0
0 0 1 ' - 1 0 0
A I J L & J  
L
6  1  
L 2
1 2  I  
I ?
4  I  
I
B J B 2 4 9 3 . 5 4 0 5 0 16200 2 2 5 2 8 .8 0 . 2,8 0 * 002f2 7 2
B J B 2 3 1 0 0 .6 2 * 6 5 8 18632 2 2 5 . 2 2 .7 0 . 5 5 0 . 0 0 4 9 8 2 .8
T K T K
TT K T
1-3 ~1 0 0" "28.8 0 0 1 28.8 O' °"1 28.8
0 0 “
0 1 0 0 0.0042 -0 .46 0 0.0042 -0 .4 8 0 0.0042 - 0 .2^
0 0 1 0 -0 .4 8 72J 0 -0 .4 8 7 2 J 0 -0 .4 8 72 imm*
3-5 1 0 0 ~28.8 0 0 * " [28.8 0 o n [28.8 0 O "
0 1 0 0 0.002^2 0.2^6 0 0.0042 0.43 0 0.0042 0.48
_0 0 1 0 0.2f8 7 2 j 0 0.2,8 7 2 _ 0 0.48./ 72 _
Lmm
2-3 0 0 1 28.8 0 0 0 -0 .4 8 72 72 -0 .4 8 0
0 1 0 0 0.002^2 -0 .M 0 0.0042 -0.2,8 -0 .2 ^  0.0042 0
-1 0 0 0 -0 .4 8 7 ^ £ 8 .8 0 0 0 0 28.8
3-4 0 0 1 "*28.8 0
—
0 [28.8 0.48 72*1 F 72 0.48 0 “
0 1 0 0 0.0042 0.2,6 ■ 0 0.002f2 0.2^ 0.48 0.002^ 0
-1 0 0 0 0.2^8 72 -0.2^8 0 0 0 0 28.8—1lL  ■ *—
K* = E 201.6  0 0
0 0.0168  0 
0 0 201.6
p • = K* d*
0 6.67 x  103 201.6 0 0 &x*
p = 0 0.0168 o ky«
0 0 0 201.6 & z9
Using Gaussian e lim in a tio n  o f th e  augmented m a trix ,th e  so lu tio n s  v ec to r 
i s  determined*
d« =. K* -1  ,p
201.6 0 0 0 row 1
'■ 0 0.0168 0 p : ■ 2
0 G 201.6 0 3 Operation:
1 0 0 o Divide row 1 hy 201.6
0 1 0 p0.0168 Divide row 2 by  0.0168
0 0 . 1- ■ 0 Divide row 3 by 201.6
So lu tions vector*
d s  TT d*
1
E
P • 
0.0168
th u s =
0.0168 E
1-3 1 0 0 1 0
E
3-5 Sy s 0 1 0 P0.0168
6 z 0 0 1 0
■ “
2-3 S X 0 0 -1 1 0
E
3-4 &y s 0 1 0 p0.0168
0 0 1 0
1
E
1
E
P
O.O168
0
0
p
0.0168
0
p = K d , sometimes w r itte n  K d = w
1-3 E 28.8 0 ,. o 1 0 o
2-3 0 0.0042 -0 .4 8
E P
0.0168 =
p
4
o -0 .4 5 72 0 -P
. 8 _
3-5 E 28.8 0 0 1 • 0 0
3-4 0 0.0042 0.48 E P0.0168 =
P
:k
0 O.ifS 72 0 - pn_ _ 8
Thus a check i s  shown in  th e  summation f o r  p
y
S im ila rly  f o r  th e  element BJB23,the so lu tio n s  v ec to r gives th e  r e s u l t
fo r  Sy* , and hence f o r  S y  »a value q offig’ jj •
In  th e  above ,fixed  ends were assumed f o r  th e  members* I f  th e
to rs io n a l  constan t was considered  zero and th e  o u te r  ends, 1 ; 2 ; if and
5 were taken  to  be on simple supports  th e re  would be a ro ta t io n  about
th e  Z -  ax is  and thus rows and columns corresponding to  6 and m fo rz z
a l l  o f  th ese  jo in ts  should be inc lu d ed  in  th e  m atrix  fo r  th e  members* 
This would a l t e r  the  t o t a l  member s t i f f n e s s  by a sm all amount*
Load (N) 50 100 150 2Q0 250 300 350 400 450
Displacement
BJB24 (mm) 0 .44 0.89 1.33 1*78 2.22 2.67 3.11 3.56 4.00
BJB23 (mm) 0.26 0.52 0.78 1 .04 1.30 1.56 1 .82 2.09 2.35 '
These values a re  seen to  agree q u ite  a c cu ra te ly  w ith  th o se  o b ta in ed  
ex perim en tally , shown in  sec tio n  4 .3 .
ETG. 107 ., shows the  experim ental g la ss  /  carbon f ib r e  g r id  under load*

5*3* Membrane a n a ly s is  f o r  shallow  domical s tru c tu re s  under uniform  
g ra v ity  lo ad in g ,
A s h e l l  s tru c tu re  may be defined  as a s o lid  m a te r ia l enclosed 
between two c lo se ly  spaced doubly curved surfaces*The d is tan ce  between 
th e se  two su rfaces  i s  th e  th ic k n e ss  o f  th e  sh e ll ,a n d  i f  sm all by 
comparison to  the  o v e ra ll  dimensions o f  th e  bounding s u r f  a ces , then  th e  
s h e l l  i s  defined  as “thin*V
Membrane a c tio n  i s  assumed to  tak e  p lace  i f  th e  s h e l l  i s  
considered  to  be incapable  o f  w ith stand ing  bending moments*The a n a ly s is  
can then  be l im ite d  to  d i r e c t  and shear s t r e s s  a c tio n  in  th e  p lan e  o f  th e  
su rfa c e * I t i s  convenient in  s h e ll  th eo ry  to  consider fo rc e s  p e r  u n i t  
le n g th  and te rn  th ese  “s t r e s s  r e s u l ta n t s ,f*The element o f  th e  s h e l l  i s  
m aintained in  p o s it io n  so ley  by th e  i n  p lane s tr e s s  re su lta n ts ,b e n d in g  
moments and tra n sv e rse  shears be ing  absent*
The p o in t on the  su rface  i s  defined  by th e  in te r s e c t io n  o f  
tan g en ts  to  th e  m eridian and la t i tu d e  where th e  inward d ire c te d  norm al, 
p ro v id es the  t h i r d  p lane fo r  th e  space el'ement.Three equations o f  
equ ilib rium  in  th e se  d ire c tio n s  co n sid e r th e  e x te rn a l f  o rces a c t in g  in  
th e se  planes,X ,Y  and Z,on an element o f  u n i t  area*
In  FIG-* 108*,consider a p o in t A*
Radius o f curvatu re  o f  th e  l a t i tu d e  = r o
Radius o f cu rvatu re  o f  th e  m erid ian  =
Length o f  n o raa l o f su rface  a t  A to  a x is  =
Angle rg  makes w ith  th e  ax is  = £
Angle measured from a r b i t r a r y  re fe re n c e  p lane through th e  a x is  = 0
A ■ Considering the  element ABCD, bounded by two ad jacen t 
m erid ians and p a ra l le ls *
Length o f  a rc  AD = r
o
Length o f  a rc  AB = ^
M £ M S G A aJ £  S r ^ S S S  #£S£/< .7X A t/&  —
Membrane r e s u l ta n ts  a c tin g  on the  elem ent,
M eridian d ire c tio n  = N/ ; L a titu d e , (o r  p a r a l l e l ) ,  d ire c tio n  = Ng .
Shear r e s u l ta n ts  and a c t  as shown*
Forces : X in  th e  d ire c t io n  o f la ti tu d e *
Y in  th e  d ire c t io n  o f  th e  meridian*
Z in  th e  d ire c tio n  normal to  th e  su rface  and a c tin g  inwards*
In  th e  exam ination o f  t o t a l  fo rc e s  th e  problem i s  seen to  be s t a t i c a l l y
determ in a te ,p ro v id in g  fo u r equations corresponding to  re s o lu t io n  in  each
o f  th e  th re e  d ire c tio n s  to g e th e r  w ith  moment equilibrium *
Tangents to  m erid ians A and D are  shown in  FIG-*109*,to
in te r s e c t  a t  an angle o f de*
By geometry; -
AD s  r „  ta n  4  de = r  d©2 ■ o
th u s , de = r  d© /  ( r 0 ta n  /  ) , b u t r  = r_  s in  $o 2 * * o • 2
th u s , de = d© cos 4
The shear fo rc e s  , a.cting along th e  two s id e s  AB and CD,
cL©c o n tr ib u te  a component in  th e  X d ire c t io n  o f  2 r^  tj— d /  , th u s ,
V  ri cos /  d© d /  •
The p a i r  o f  shear fo rc e s  a c tin g  along AD and CB co n tib u te  r  d© apt
The co n tr ib u tio n  o f  th e  fo rce s  i s ,  —  r_ d© dfS •
6  l e  1
Thus considering  a l l  fo rc e s  i n  th e  X d ire c t io n ,th e  complete eq u a tio n  f o r  
equ ilib rium  may be w r itte n
\
r  d© + ~  r  d© ) d^ -  r  d© + r .  d /  +0 - 0  ' 0 o '  ^0 o 0 1
( Ng r^  d /  ) d© -  Ng r^  d /  + Ng^ r^  cos d© d/£ + X tq d© r^  d /
o 8
This reduces to
C onsidering  th e  Y d ir e c t io n  :
The component due to Nq along th e  rad iu s  o f th e  l a t i tu d e  i s
NL r .  d /  d© , t h i s  component may be reso lv ed  i n  th e  m erid ian  and normal 0 1
d ire c t io n s ,  (See FIG. 110.)<>
The component i n  th e  m erid ian  d ire c tio n  = r_ cos df! dG ,
£
a c tin g  upwards.The n /  s t r e s s  r e s u l ta n ts  c o n trib u te  a  component , ~  ( ^  r c )*
o" . P
Shear fo rc e s  along s id es  AB and CD p ro v id e , 0 (y r ^  dp d© , a c tin g  downwards.
i  ©
Thus in  the  Y d ire c t io n  th e  equ ilib rium  equation  may be w r it te n
—  ( ¥  r  ) d© d /  -  ‘ N- r  cos V  d© d /  + —  r_ d© d /  + Y r  r -  d© d4 
°  0 1  b© 1 0 1
This reduces to  '
*
—  ( ¥  r  ) + —— r  -  Nq r  cos /  + Y r  r- = 0 
Op o 9
F in a lly ,in  the normal d ir ec tio n ,(a c tin g  inwards).
The ^  s tress  resu ltan ts  provide, rQ d© d4  9 (See FIG. 1 1 1 .) .
The s tre ss  resu ltan t component, N- r_ s in  £  d© d / •“ o 1
Hence the equation o f  equilibrium in  the Z d irection  :)
N/ rQ d© dj^  + r^ s in  d© d / + Z rQ r^ d© djz( = 0
Thus, N/ rQ + Hq r^ s in  /  + Z rQ = 0
or, since r  = r_ s in  $  ,
o  ■ 2  r
N/ > 2 sin  ^ + N© ri  s in  ^  + Z rl  r 2 s in  ^ = 0
Which may be w ritten ,
/
/
5
/
c/4?
£
Co d d
A
(* e +
0&
b $ )c /0 d f l
—  /7 < S ./<?£>, —
—. f m . ' / o .
I f  m o m e n t s  a r e  t a k e n  a b o u t  t h e  n o r m a l  a x i s , t h e  e q u a l i t y  o f  
c r o s s  s h e a r s  i s  e s t a b l i s h e d , t h u s  =
F o u r  e q u a t i o n s  h a v e  t h e r e f o r e  b e e n  f o r m e d , f r o m  w h i c h  t h e  f o u r  u n k n o w n s  
m a y  b e  e v a l u a t e d *
T h e ,  c a s e  u n d e r  c o n s i d e r a t i o n  f o r  t h e  d e t e r m i n a t i o n  o f  s t r e s s e s  
b y  t h e  m e m b r a n e  a n a l y s i s  i s  t h a t  o f  t h e  c a s e *  1 . , g r a v i t y  l o a d i n g ,  
( s y m m e t r i c a l  l o a d i n g  o v e r  t h e  t o t a l  s u r f a c e  o f  t h e  d o m e ) .
For sym m etrically loaded  s h e l ls ,  X = 0 ; = Nj^ q = 0 .
T h u s ,
■ .  &
Ne ri  cos ^ “ a? * ^  r o  > = y  r 0  ri
¥  n „
a n d ,  —  +  *—  =  -  Z
rl  r2
S o l v i n g  f o r  N q  ,
=  -  r ,
rl
S u b s t i t u t i n g  t h i s  v a l u e  i n  t h e  e q u a t i o n  i n  t h e  Y  -  d i r e c t i o n *
-  r _  r -  c o s  /  ( Z +  ^  )  -  —  (  r  )  =  Y  r  r _
2 1  rx iff 0 °  1
w h e n ,  -  c o s  —  ( Nrf r  )  =  (  Y  r  r -  + Z rn r 0  cos /  )
■ dff 0 ■
m u l t i p l y i n g  b o t h  s i d e s  b y  s i n  $
3 A
. r ^  s i n  ^  )  =  -  r 2  (  Y  s i n  ■'-■+■ Z  c o s  ^  )  s i n  £
d ^
i n t e g r a t i n g  a n d  s o l v i n g  f o r  N j f /
Nj^  = -  ------ —— —5: V I 2 IT r . r  ( Y s in  ft' + Z cos ) s in  /  djrf* + cV
2TTr2 s in  p U  1 2  J
2 * H *  r ^  r 2  s i n  /  d /  =  s u r f a c e  a r e a  o f  e l e m e n t a l  s t r i p  ,  s e e  FIG-. 112.
(  Y  s i n  /  +  Z  c o s  ^  -  v e r t i c a l  c o m p o n e n t  o f  f o r c e s  p e r  u n i t  a r e a
a c t i n g  o n  t h e  e l e m e n t a l  s t r i p 0
Aft S tn ^
I?
Then th e  in te g ra l  o f  th e  above w ith  re sp e c t to  d 4 re p re se n ts
the  v e r t ic a l  lo ad  s i t i n g  on th e  dome up to  th e  le v e l  where th e  m erid iana l
angle i s  4*
The v e r ic a l  component o f  th e  th ru s t  Njzf a c tin g  around th e
c i r c le  o f la t i tu d e  o f 4  r e s i s t s  t h i s  v e r t ic a l  fo rc e .
Thus,
W . '
O
2Viv^ s in  4
where W = t o t a l  v e r t ic a l  lo ad  a c tin g  on th e  dome above th e  le v e l  
denoted by 4
The constan t o f  in te g ra tio n ,  C ,c a n  be made use o f  to  account f o r  
concen tra ted  lo a d s , i f  an y ,ap p lied  on th e  dome above t h i s  l e v e l .  Prom 
FIG. 113* 9 i f  th e re  i s  a la n te rn  l ig h t  lo ad  , P , a c tin g  a t  th e  crown o f  
th e  shell,w here  4  = 0 ,th e n  i t s  c o n tr ib u tio n  to  $4 i s  equal to
-  P /  ( 2 IT sin^V )
Thus th e  value fo r  C f o r  a dome su b jec t to  a d is t r ib u te d  lo a d  to g e th e r
w ith  a concen tra ted  lo ad  a t  the  crown i s  P /2  .
Fbr a d is tr ib u te d  lo ad  on ly , C = 0 .
The dome considered  was a  sp h e ric a l s h e ll  cap,where i t  has
been shown in  sec tio n  3*4*,th a t  th e  su rface  area  = 2fT*R h  .
Also w ith  u) ss u n i t  d is t r ib u te d  lo a d .
2The t o t a l  load ing  above th e  se c tio n  considered  = 2 TT R s in  4  
This equation  g iv es, » » t>
W  =  -  —  y . s .-----------
( 1  + cos 4)
2Also th e  la t i tu d e  t h r u s t , ^  .= w  R ( 1 •  cos 4  -  cos v ) /  ( i  + COS V )
Let th e  m erid ianal s t r e s s  =s f m
Then fo r  th ick n ess  , t  ,
T o ta l m erid ianal fo rce  = 2 TTR s in  4  t  f m
From FIG. 114*5 re so lv in g  v e r t ic a l ly ,
W /  (2'TT R sin  / )  + f  t  s in  4  = 0m
n4
T h i s  m a y b e  r e w r i t t e n ,  \
t  = .  i—-  I
m  t  \  ( l  +  c o s  fl) J
T f l h e n  4  =  0 ,
f  -  _  ■ ( c o m p r e s s i v e )
m 2 t
L e t  t h e  c i r c u m f e r e n t i a l  s t r e s s  =  f ^  ,  t h e n  f r o m  F I G .  1 1 5 . ,
d  f
t h e  c o m p o n e n t  —  c a n  b e  n e g l e c t e d  a s  b e i n g  o f  t h e  s e c o n d  o r d e r
&4
o f  s m a l l n e s s .
R e s o l v i n g  i n  a  c i r c u m f e r e n t i a l  d i r e c t i o n : -
2 fh t s i n  ( )  s i n  4  =  t (  d ©  )  s i n  4
R e s o l v i n g  i n  a  r a d i a l  d i r e c t i o n : -  
0  s s  f ^  t  R  d4 a ©  s i n  4  +  f m  t  R  s i n  4  d 8  $4 +  R  &4 R  4  && c o s
T h u s  ,  • * >  R  /
m +  f h  =  00s *t
' . T h e n ,  f h  = _ ± jJ L  |  2 - - - -  . r . . . c g A . t
t  '  1  +  C O S /  '
Considering a simple element ac ted  upon by normal s tr e s s e s  f^  and ' f  .
m77?
77
S im ila rly , € h = ^  ( f h -  <r f m ) » th en ,
e  = ,  R ft1 "  003 -  -c-os2/ )  -  c- f  -- 1   j |
I  ( 1  + COS ff)  l ( l  +  c o s  ^ ) J Jh E t
A lso,
e m
E t  (1 + cos / )
W R
E t  (1 + COS
WR
E t  (1 + COS / )
vO R
( l  - 6 * ) ; - .  COS /  ( l  + COS V ) j
t )  -  ( l  -  « r)j+ COS
^  ( l  -  O ' )  +  c r  ( l  +  c o s  / )  |
| ^ ( C *  -  l )  + -  C T c o s  /  ( l  +  c o s  / ) j -
B t  ( l  + cos 
Conversely,from  th e  p rin c ip a l, s t r a in  equation ,
€  • = 4  ( S  + e B) i  4  / ( « h . -  * m) 2 ♦ v2
where, v = shear s tra in *
v = 2 € -  jj* C=m) = 0 fo r  a sp h e rica l dome.
Thtts,
6 = *  « h + e ra) t - 1 j { a h  '  fim)
2
€ =
when,
+ e ) i  ( 6 .  _ e  )m' x h nr 11
e =max . ? (e h + e m + «h " e mV " II&
WCM**|w
 ^min “ 4  ( 2 6 m) = e m ■
Eeh = f, - f  ,  and E £ h m * m = f  . -  cr f.m h
then ,
Thus, fh ( l  -  cr2) = B ( 6  h + * m)
when, ( € ^ + ®’^ ra)
f. = E „
( 1 -  cr )
and, ( 6  n '+Cr<Sh )
f  =  E     r -
m ( 1  -  cr )
T h i s  l a t t e r  m e t h o d  f o r  t h e  d e t e r m i n a t i o n  o f  p r i n c i p a l  
s t r e s s e s  i s  e m p l o y e d  i n  t h e  c o m p u t e r  p r o g r a m m e , f o r  e x p e r i m e n t a l  r e s u l t s ,  
w h i c h  i s  s h o w n  i n  A p p e n d i x  ( B ) .
C o n s t a n t s  u s e d  i n  t h e  a n a l y s i s : -
' S  =  7  X  1 0 3  N  /  m n 2  •
cr = 0.3
t  =5 2 . 3  m m
R  =  2 5 4 0  m m
W  =  2 . 3 7  x  1 0 " 3  N /  m m 2
T h i s  l a t t e r  i s  e q u i v a l e n t  t o  a  u n i t  t r i a n g u l a r  l o a d i n g  o f  5 * 4 5  k g
.  d  A r c t a n  0 . 7 5  =  3 6 °  5 2 *
m a x
T h e  r e s u l t s  o f  t h e  t h e o r e t i c a l  a n a l y s i s  b y  s i m p l e  m e m b r a n e  
t h e o r y  o f  l a t i t u d e  a n d  m e r i d i a n  s t r e s s e s  i s  s h o w n  i n  5 T G - .  l l 6 . , f o r  
a n g u l a r  i n t e r v a l  o f  3 °  4 . 3 *
3 . 4 »  M a t r i x  a n a l y s i s  ^ P I N S 11 f o r  u n i v e r s a l  l o a d  s y s t e m  g i v i n g  s t r e s s  
f u n c t i o n  f o r  u n i t  s k e l e t a l  c o n t i n u u m .
/
B y  c o n t r a s t  t o  t h e  s i m p l e  c o m p u t a t i o n  s h o w n  i n  s e c t i o n  3 . 2 . ,  
f o r . t h e  f l a t  g n d  s t r u c t u r e , t h e  a n a l y s i s  f o r  s t r e s s  p a r a m e t e r s  i n  a  
s h a l l o w  d o m i c a l  s t r u c t u r e  h a v i n g  a  c o n t i n u o u s , d o u b l e  c u r v e d , m e m b r a n e  
s h e l l  i s  v e r y  c o m p l e x . A  n u m b e r  o f  m e t h o d s  o f  a n a l y s i s  a p p l i c a b l e  t o  
s k e l e t a l  s t r u c t u r e s  e x i s t , w h i c h  t o g e t h e r  w i t h  t h e  f i n i t e  e l e m e n t  t e c h n i q u e
o£ 4 r /? z /£ > s  f 7 & s & s
< s # 4 Y /r y  iaA & SA /<3.
\ { e - s j r  x /o Jv /m2J
No
o
o
oo
MS&/&/AA/ sr& sss
r & £ & £ £ r /c '4 i  A M A i y s / s
M £ M 3 j? A & £  F A * £ 0 /? y
allotvs fo r  the a n a ly s is  o f  s tr e s se s  in  a continuum to  he made fo r  such 
problems as th ose  a sso c ia ted  w ith  p la te  and s h e ll  co n d itio n s .
The p a r tic u la r  problem o f  the shallow  domical s h e l l  w ith  a
s t if f e n e d  r in g  beam at the base circum ference i s  th a t o f  having no
c le a r ly  defin ed  s t i f f  s k e le ta l configuration ,added to  w hich ,other  
general d i f f i c u l t i e s  such as creep and thermal e ffe c ts ,im p e r fe c t  
homogeneity o f  the s h e ll ,a r e  inh erent in  a re in fo rced  p la s t ic s  stru c tu re .
The problem must th erefo re  n e c e s sa r ily  be s im p lif ie d  to  an 
acceptable assumption th a t the structure may be approximated to  a 
s k e le ta l  fram e,each member b ein g  eq u iva len t in  area to  a volume o f  s h e l l  
which i t  i s  assumed to  su s ta in , d iv ided  by th e  len g th  o f  th e member.The 
natural d iv is io n s  o f  the, u n it tr ia n g u la r  load in g  areas considered ,
provide a su ita b le  i n i t i a l  approximation fo r  the con figu ra tion  o f  the
equ ivalen t s k e le ta l s tr u c tu r e .l t  i s  c le a r  th a t by comparison to  th e  
simple hand procedure fo r  the s in g le  a c t iv e  jo in t o f  th e grid  s tru c tu re , 
th a t fo r  an equ iva len t s k e le ta l dom e,considered fo r  the semi-hemisphere 
and having a la rg e  number o f  a c t iv e  jo in ts  th a t e le c tr o n ic  computation 
is* required.The u n it tr ia n g le  s k e le ta l  fram e,however,im m ediately  
produces the d i f f ic u l t y  o f  a la rg e  number o f  member connections a t the  
crown o f  the s h e l l  which would require an im p ossib ly  la rg e  band width  
fo r  m atrix computation and core store  fo r  th e  computer*Therefore a 
system o f  imaginary jo in ts  was in i t ia t e d  a t nominal d istan ce  from th e  
crown,overcoming t h is  problem and making a t o t a l  o f  88 No. loaded  j o in t s ,  
and 68 No. constrained  j o in t s , f o r  th e  sem i-hem isphere.This co n figu ration  
and numbering o f  the jo in ts  i s  shown in  FIG. 117.
The d e f in it io n  fo r  th e  two typ es o f  member i s  shown in  FIG. 
I l8 . ,e a 6 h  member assumed as b e in g  o f  c ir c u la r  cross sec tio n .B y  t h i s  
method the t o t a l  area o f  the model can be considered to  have con tr ib u ted  
to  the formation o f  th e  s k e le ta l con figu ra tion ;th e  weight o f  th e  o r ig in a l  
model shape and th a t o f  the im aginaiy s k e le ta l  stru cture are th ere fo re
^  "hS ^
o  o  ©
$
5
a

■ t h e - s a m e *
F r o m  F I G - *  1 1 8 . ,  w i t h  t h i c k n e s s  o f  s h e l l  =  2 . 5  m m *
Volume (1) ( 2 x X, t  ) / 6  = ( x L t  ) / 3
( 2 )  (  2  x  1  t  ) /  6  =  (  x  L  t  ) /  3
Area (1) = (x t  ) /  3 = (TV cL,2) /  V = (107.475 x 2 .5 ) /  3
• = 89* 56 mm^
(2) =  ( L  t  ) /  3  =  (  T T  a 22 ) /  i ,  =  ( 2 + 0 8 . 1 8 3  X  2 .5 ) /  3
=  3bO*15 m m 2
I n e r t i a  ( l )  =  ( 1 6 T T  x 2  t 2 ) / ( 5 7 £ T T 2 )  =  ( x 2  t 2 ) / ( 3 6  I T  )
= 638.32 mm21*
( 2 )  =  ( 16I T  L 2  t 2 ) / ( 5 7 6 T T 2 )  =  ( L 2  t 2 ) / ( 3 6  T T  )
= 9207.39 mm4
( T h e  l a t t e r  p r o p e r t y  a b o v e  i s  o n l y  a d o p t e d  i f  a  r i g i d  a n a l y s i s  i s
i s  t o  h e  u s e d  , w h e n , f o r  a  c i r c u l a r  c r o s s  s e c t i o n  o f  t h e  m e m b e r s ,
t h e  t o r s i o n a l  c o n s t a n t  w o u l d  b e  J  =  2  I  ) *
x Xi
L o a d i n g  c a r r i e d  b y  a l l  m e m b e r s  =  w (  - g —  )  , w h e r e  w =  u n i t  w e i g h t  o n  
t h e  t r i a n g l e  a r e a .
2
E l a s t i c  m o d u l u s  a s s u m e d  a s  7  k N /  m m
2
S h e a r  m o d u l u s  a s s u m e d  =  O.385  E  =  2 . 7  k N /  m m
A s  p r e l u d e  t o  t h e  a n a l y t i c a l  p r o g r a m m e  p r o c e d u r e s  f o r  s t r e s s  
d e t e r m i n a t i o n  w i t h i n  t h e  c o n t i n u u m ,  c o n s i d e r i n g  t h e  s k e l e t a l  f r a m e  p i n -  
j o i n t e d  a n d  l o a d e d  a t  t h e  n o d e  p o i n t s  o f  t h e  m e m b e r s , i t  w a s  e s s e n t i a l  
t o  d e f i n e  t h e s e  p o i n t s  i n  a  t h r e e  d i m e n s i o n a l  s p a c e .  P r o c e d u r e  f f D o m e l i s t ' f 
f u l f i l l e d  t h i s  c o n d i t i o n  m a r k i n g  e a c h  n o d e  p o i n t  i n  o r d e r , r e l a t i v e  t o  
t h e  p r e v i o u s  n o d e ,  a l o n g  X  , Y  a n d  Z a x e s  w i t h  £  c o - o r d i n a t e  s .  T h e  b a s i c  
g e o m e t r y  o f  t h e  p r o c e d u r e  i s  s h o w n  i n  F I G - .  1 1 9 . ,  s e t t i n g  o u t  e a c h  o f  t h e  
2 8 0  m e m b e r s  a n d  1 3 7  j o i n t s , t h e r e  b e i n g  t w o  j o i n t  e n d s  f o r  e a c h  m e m b e r .
F o r  a  p i n - j o i n t e d  s t r u c t u r e  w i t h  f o r c e s  a p p l i e d  a t  t h e  n o d e s  
o n l y , t h e  m e m b e r s  c a r r y  d i r e c t  t e n s i l e  o r  c o m p r e s s i v e  f o r c e s . T h e  
p r o g r a m m e  s h o w n  i n  A p p e n d i x  ( C ) , p r o p o s e d  t o  a n a l y s e  t h e  f o r c e s  i n  o n e
£  Srn P
t-SZ4i*
w & cos P
4  # A re J a n  O )
&$in(%) cos3$
& sin  sin  3 s
B A S/C  G £O M £T& y p o #  P # C C £ 6 i/* S
" G o M s c / s r *
f/G . / / s .  —
h a lf  o f  the sp h er ica l dome cap,determ ine a l l  jo in t d isplacem ents and 
hence c a lc u la te  member fo rces.T h ese  member or node fo r c es  may a lso  he 
considered as the fo r c es  a t th e node p o in ts  o f  a u n it s h e l l  continuum 
hounded hy th ree adjacent s k e le ta l  members and from which the l in e a r  
s tr e s se s  in  th a t elem ent are derived  hy f i n i t e  element technique*This 
ad d ition  to  the s k e le ta l  s tru c tu ra l a n a ly s is  in  the form o f  a m odified  
f i n i t e  element approach was develope^for the c a lcu la tio n  o f  member end 
fo r c e s ,h y  Hollaway and f i r s t  used by Mandil ,and fo r  th e  con tin u ation  
to  u n it s h e l l  continuum s tr e s se s  hy Brundritt.The programme which i s  
developed here i s  su ita b le  fo r  u n iv ersa l load  systems*
C onsistent w ith the o th er  sec tio n s  o f  t h is  chap t e r ,  the t o t a l  
approach c a lcu la tio n  i s  derived and given h ere ,b e in g  considered as the  
b e tte r  approach fo r  good understanding ra th er  than having constant 
recourse to  an appendix*
The summerised flow  chart fo r  th e  programme i s  given in  
Appendix (C)*
The general assumptions o f  the programme may be l i s t e d
(1) Strain ,and  hence s t r e s s , i s  uniform throughout th e  element*
(2) Equivalent areas o f  the continuum composing the s h e l l  s tru ctu re  
have been tran scrib ed  in to  an equ iva len t space s k e le ta l  s tru ctu re  
to  obtain  the member forces*
(3) A uniform s tra in ,a n d  hence s tr e s s ,re g io n  e x is ts  in  th e  sep a ra te  
u n it  p an els  enclosed by the  im aginary s k e le ta l  members*
Numerous procedures were required  to  perform each p art o f  
the t o t a l  programme*These are l i s t e d  and described below :~
•procedure* doraelist 
•procedure* panelno  
•procedure* triraul 
•procedure* s tr e s s  
•procedure* p rin td ata
•procedure* lo a d j
•procedure* abat
•procedure* formtmk
•procedure* foxmtau
’procedure* formloads
•procedure* p r in td is p
•procedure* meraforce
•procedure• reada
•procedure* re a d ia
•procedure* w orkstore
•procedure* f re e s to re
•procedure* p u tp a r t
•procedure* g e tp a rt
•procedure* matmul
•procedure’ c le a r
•procedure* transpose
•procedure* m ultin
•procedure* p la n t
•procedure* p rin tm ef
•procedure * formrow
*procedure* d is c e l
procedure dom elist compiles th e  member l i s t  a rra y  f o r  th e  dome members,
th e  th i r d  column o f  the  a rray  co n ta in in g  th e  se c tio n  
ty p e ,e i th e r  1 , (h o riz o n ta l band m em bers),or 2 , (o th e r  
members)•The procedure a lso  c a lc u la te s  th e  jo in t  
co -o rd in a tes  and e n te rs  them in  th e  c o -o rd in a te s  array* 
param eters aa member l i s t  a r ra y
bb co -o rd in a tes  a r ra y  
Procedure panelno compiles a l i s t  o f th e  numbers o f  th e  th re e  members
bounding each t r ia n g u la r  panel o f  th e  dome,in o rd e r
procedure trim u l
Procedure s tr e s s
to  p ick  out th e  ap p ro p ria te  member end fo rc e s  from 
which to  c a lc u la te  the p r in c ip a l  s tre sse s .T h e  fo u rth  
column o f th e  a rra y  gives the  p an e l type number, 
according  to  whether th e  panel i s  sea ted  on i t s  base 
o r in v e r te d .
param eter aa panel a rra y
perform s th e  t r i p l e  m atrix  m u ltip lic a tio n  ABC = D 
p a ram e te rs :-  a ,b ,c ,d  a rray s
ma rows o f  a 
na columns o f  a
rib columns o f  b
nc columns o f  c
ta k in g  th e  member end fo rces  fo r  th e  three-members 
bounding a  t r ia n g u la r  panel,com putes th e  p r in c ip a l  
s tr e s s e s  and angle o f  one p r in c ip a l  p lan e0(The 
member a x ia l  fo rc e  i s  rev ersed  in  s ig n  and halved  
s in ce  each member forms th e  s ide  o f  th e  two ad jacen t 
p a n e ls ) .
p a ram e te rs :-  a  a rra y  o f  member end fo rc e s ,
b panel a r ra y
t  panel number
h •height* o f  pan e l
j  base angle o f panel
m Poisson*s r a t io
Procedure p r in td a ta  p r in t s  out th e  p r in c ip a l  co nstan ts  and da ta  a rra y s
fo r  check purposes.
Procedure lo ad j au to m atica lly  p rep ares  the  loaded jo in ts  a r ra y
in d ic a tin g  th e  jo in t  number and th e  lo a d  type a t  
th a t  jo in t.T h e  procedure covers th e  f iv e  lo ad in g  
arrangem ents.
- p a ram e te rs :-  l j  loaded jo in t  a rra y  -
n j l  number o f jo in ts  loaded  
mode . type o f  lo ad in g  arrangement
1 h a l f  dome
g ra v ity  lo ad in g
■ 2 q u a rte r  dome
3 h a l f  dome ( is o -b a r)  IlfO mph.
4 h a l f  dome ( is o -b a r)  IlfO mph.
5 h a l f  dome ( is o -b a r)  11*0 mph.
Procedure formtmk f o r  one member,forms th e  member s t i f f n e s s  subm atrix
and th e  tra n sfo rm atio n  m atrix , 
p a ra m e te rs :-  a member l i s t  a r ra y
b co -o rd in a tes  a rra y
c member s t i f f n e s s  subm atrix
d sec tio n  p ro p e r t ie s  a r ra y
f  tran sfo rm atio n  m atrix
e Young’s modulus
m member number
Procedure form tau forms jo in t  tran sfo rm atio n  m atrix  fo r  non-conform ably
co n stra in ed  jo in ts .T h is  procedure does no t come in to  
p la y  when an a ly sin g  one h a l f  o f  a  sp h e r ic a l dome s in ce  
th e  boundary r e s t r a in t s  are  in  th e  d ire c t io n  o f  one 
o f  th e  major axes.
Procedure foxmloads forms th e  lo ad  v ec to r  a rra y  from th e  loaded  jo in ts
a r ra y  and lo ad  types a r ra y , 
param eters:— ww load  v e c to r  a r ra y
I t  load  types a rra y
l j  loaded jo in t s  a r ra y
n j number o f  jo in ts
n j l  number o f  loaded  jo in t s
nw number o f lo ad  cases
Procedure p r in td is p  p r in t s  the d isp lacem ents o f the  jo in ts  in  th e  frame
c o -o rd in a te s , (u n its  — mm),
Procedured memforce c a lc u la te s  th e  a x ia l  fo rc e s  i n  a l l  members and puts.
them: i n  th e  end fo rce  array* (Note: only th e  fo rce  kt 
end i  o f  each member i s  c a lc u la te d  and reco rd ed ), 
procedure reada read s  i n  r e a l  a rra y .
Procedure re a d ia  read s  i n  in te g e r  array*
procedures,w orkstore ; f r e e s to re  ; p u tp a r t  ; g e tp a r t ;
These a re  e x te rn a l procedures which m anipulate th e  
d is c  backing* 
w orkstore  re s e rv e s  space on d isc ,
f r e e s to r e  r e le a s e s  d isc  a f t e r  u se .
p u tp a r t p la c e s  item s from a rith m e tic  s to re  on to  disc* .
g e tp a r t b rin g s  item s from d isc  back to  a r ith m e tic  s to r e .
procedures,m atm ul ; m u ltin  ; tra n sp o se  ; ab a t ;
These a re  a l l  procedures p rep ared  by NQOSHIN .The 
p rocedure abat i s  a s im p lif ie d  v e rsio n  o f  th e  o r ig in a l  
p rocedure , 
procedure c le a r  zeros any a r ra y .
Procedure p la n t  a f t e r  form ation  o f member s t i f f n e s s  subm atrix  p la n ts
i t  ap p ro p ria te  p a r t  o f  th e  s tru c tu re  m a t r ix . I t  i s  
c a l le d  up in  procedure formrow.
Procedure p rin tm ef p r in t s  th e  a x ia l  fo rc e s  i n  a l l ' members,
procedure formrow forms th e  b a tch  o f rows o f  th e  s tru c tu re  s t i f f n e s s
m atrix  f o r  one p a r t ic u la r  jo in t*  
procedure d is c e l  perform s th e  G-aussian e lim in a tio n  on a square m a tr ix
whose dimensions are  equal to  th e  band w id th .A fte r  
e lim in a tio n  o f each row ,the r e s u l t in g  item s a re  
t r a n s fe r re d  to  d isc  and rep laced  in  th e  m a trix  by th e  
next row u n t i l  f u l l  e lim in a tio n  i s  com pleted.Back
s u b s t i tu t io n  i s  c a r r ie d  out by th e  re v e rse  p ro c e ss .
The procedures formrow and d is c e l  were p repared  by B utterw orth  and ad ju s ted  
to  s u i t  th e  p in - jo in te d  a n a ly s is .
In  th e  d e r iv a tio n  o f member end fo rces  and p r in c ip a l  s t r e s s e s ,  
the fo llow ing  n o ta tio n  i s  used
ss displacem ent a t  p o in t ( l )  in  th e  X d ire c t io n .
V_ s  displacem ent a t  p o in t (3) in  th e  Y d ire c t io n .
cxr
c<
> ■» 'S \  -  assumed fu n c tio n s  to  define  the  d isplacem ents
£  ,  £ = s tr a in s  in  th e  X and Y d ire c tio n s  re s p e c t iv e ly ,x -y
X = shear s t r a in .
xy
t £  y (p = displacem ent fu n c tio n s , s t r a in  and s t r e s s  v e c to rs
n* rs shear s tre ss*1 xy
P ,  d ss fo rce  and displacem ent v ec to rs  a t  nodal p o in ts
re s p e c tiv e ly .
JX ss P o isson’s r a t i o .
S = e la s t i c  modulus.
A ss a rea  o f elem ent.
OV 9 CV ~ s tr e s s e s  ^  th e  X and Y d ire c tio n s  r e s p e c t iv e ly .
The displacem ent fu n c tio n s  f o r  th e  a n a ly s is  are
1.tDH
1,
1 % ex
U2 = - 1 *2 Y2 • \ ■ p
_ U3 _ 1
1 X3 Y3 ;K
V1 1 Y1 *1
V = 1 h Y2 -• . h
1 y
j*
t
1 X3 T3 *T_
C< " X
r *2 0 U2
* ~ *3 U3
\ V1
p,. ' 0 f 5 V2
*6 v3
o r  sim ply,. -■©< s B-1 • ^
e *
TJ -  &
W “ r
e y =
Vv - v
■ S
ss
^ y
b y
+ bx
s  ■ +
• « • • • • • • • *(3)
• • • • • • • • • • (4)
 ^  ^  • • • • • • • • • • ( 5 )
Equations (3) ,  (4) and (5) a re  independent o f  x and y
a
e y
0 1 0 0 0 0
0 0 0 0 0 1
0 0 1 0 1 0
or s in p ly , ; F
f
*
P,
OC
— — . :—• • r- mm «
£ x 0 1 0 0 0 0 f i *1
e 7
K 0 0 0 0 0 i * V 0 °2
0 0 1 0 l 0 B ,0 xy
■ ■ 3 3
B*.
•
v
e 4 l
0 Bl v „5 2
> *6 _ y
C « F . B-1 • a. • • • • • • • • ( 6 )
e =  u ?  • d • • (7 )
S tre sse s  in  an e l a s t i c  media a re  defined  as :• 
E
x
1 -  A
B
1 - x
E
< 6 x + / <-e y )
( e y  + y u e  JX'
xy xy
2 ( 1 + ^ )
W riting th e  l a s t  equations in  m atrix  form
xy
1 0
/ a 1 0
0 0
X
x y
<r = b .  c
O' = D T d ................. (8b)
I f  a  system o f  v i r tu a l  displacem ents j  ( d*) y i s  app lied} then  v i r t u a l  
s tr a in s  v ec to r developed i s  : £ * -  T d*
V ir tu a l work done due to  v i r t u a l  displacem ents = p  d*
= jj< xT e *This amount o f  work must a lso  « I K  £  dx dy
By the  p r in c ip a l  o f  v i r tu a l  work,
PT d* 0“ ^  G * dx dy = 0
But , (T = B T d
hence, £7*^  ss d^ D ; ( D ss Jp 9 symmetric)
th en , PT d* -  dT TT D T d* dx dy = 0-II
IIPT d* dT TT [ | D dx dy T d* = 0
T TBecause d , T , T and d* a re  c o n s ta n ts .
pT = aT t t  ( |  I ' d ax ay ) t
p  = tt ( J jD  dx ay ) t a . . . . . . . . ( 9 )
Comparing equation (9) to  th e  s tandard  equation  , P = K d ,
K = TT ( J  I D dx dy ) T
o r ,  K = Area (  TT D T ) = A TT D T . . . . . . . . ( 1 0 )
Considering equation  (6 ) ,
€  S F B"1 d = T d
and equation  (10) , K ss A D T
~T T -1K = A B F D F B
TSuppose = A F D F
p  = k  a  ,
*L
*1
-1  - I T
«  K  P  =  B  A B  P
-1  -1  - I T
=  F  B  d  =  F  B  B  B  P
- 1  T  
=  F  K j^. B  P
0 0 0
= A
1 0  0
0 0 1
0 0 0
0 0 1
0 1 0
E
1 - A
1 A  0
A  1 0 
o o ^ 4
0 1  0 0 0 0 
0 0 0 0 0 0 
0 0 1 0  1 0
A E
1 - A
0 0 0 0 0 0
0 1 0 0 ' 0 yii
o o o ~  0
0 0 0 0 0 0
o o o o i
A  E
1 —
l- z 2 ±
2
0
M
0
T herefore ,
‘ *1
-1 1 -  A
A S
0
£.
e y
£xy
I  -  A  
A E
1 - /A
0
-J 2JL -/A
1
1 -  XI
-  /*
1  - > u 5
0
0 -
1 ->u2 1 - ^ 2
0 - ^ - 0  
1  - y U  
-  /U I
— -  o —
1 -
X iX 2 x3 0 0 0
Yi . V T3 '0 , 0  °
0 0 0 Y1 Y2 Y3
x 1
x 2
x 3
y i
y 2
y 3
e - i  _
A E
0 -M
X -/A. 1 " A
0 — —  0
1 -  /A
- M  r, 1
,  B  = + p s 2 . x 2 ♦  p x 3 . x 3 ) ~ ^ y r \  Py 2 . x 2 +
X 1 t V I 9 9
£
xy
1 -yU
p  =
c\T"v*'
iH
1 A E V
*1 -
IH
JL I E
'+ f 1
iH r -
n 2 1 - y U  _
P x X - Y l  +  P x 2 * Y 2  +  P x 3*Y3
P . . I  + P  „ .Y „  + P  , . Y ,y l  1 y2 2 y3 3
1 - A 1 - A
< P x l * Y l  *  P x 2 * Y 2  ♦  P x 3*Y3 >
•» * •) ^1 -  >u 1 -yU
S tresses  may now be found by d ire c t  a p p lic a tio n  o f  equation  (8a).The 
l a s t  s e t o f  equations defines th e  £ v ec to r  in  i t s  general form ,but i f
a p o in t ( l )  i s  chosen fo r  each element to  be the o r ig in  o f each
co -o rd in a te  a x is , th e n  th e se  eq u ation s become
x  "  EA  
2
Px2,X2 + Px3*X3 ) “ Py2,Y2 + Py 3 * V j • ; • • • • • • (11) 
( l2 )e y = 77  ^px2*y2 + px3*y3^ ( 1 + /*■ )J E A
8 xy = 7 X { ( . V Y2 + Py3*Y3 > “ J*  ( Px2*X2 + Px3*X3)}  — .......... (13)
Prom FIG-. 1 2 0 .,l e t t i n g  P^ , be th e  fo rc e s  in  th e  boundary members
and assuming ten sio n  p o s i t iv e .
Then,
Px2 = P3 + P2 C0S ~
x3
y2
y3
P^ COSO< -  P2 coso<
P2 s in  c*C
P^  s in  oC + P2 s in  oc
In  m atrix  form • -
—  . _ ; “ -
Px2 0 c o s o < 1 P 1
Px3 c o s c ^ -  c o s o < 0 • P2
py2 0 -  s i n o < 0
-—
i 
* 
1
py3 s i n s i n 0
V C • p
( l4 )
Say,
The equations fo r  s t r a in  a re  shorn in  ( l l )  , (12) and (13). I t  should be 
noted th a t  f o r  the  t r ia n g le  shown in  FIG-. 1 2 0 ., = 0 , so t h a t  a l l
terms con ta in ing  Y2 d isap p ear.
o i
©
* / 2 o ,
%2
XP2
P
/
A s
■ y e
T 3 / i■rz
—P / g  / a /0 0
Now l e t  ,
o r
PA — Px2*X2 + ?  Vx3
PB = Py3*Y3
PC = Px3*Y3
1
Ph
L
..... h  x3 0
-i
0
PB S! 0 0 0 Y3
PC _° Y3 0 0
x2
x3
y2
y3
say , V
and ,
E A
2 ( 1  ♦ )
B A
or
say ,
xy T T  ( PB -  > * PA>E A
^ x 1 0 M 
1 
—
---
--
1
^ y
i  
E A
0 0 2(1 + /*  ) • PB
**y l 0 V
(— )
E A
F in a l ly ,s t r e s s e s  may be found from
-  ( ^ + €. ) 
i - / \  x /  y-
cr.X
E
2 ^ y  V  x^
Thus- ,
E E 1 -  A y
T xy 2(1 +JU) 1 2 *- A 2
* xy
”" l A 0 ~ ^  X
E
1 -/A 2
A 1 o •
€ y
't 'x y 0 0
1
1 
CM 
rH
1 
<* K X 1—
—
or £ E1 - A
Combining th ese  equ a tio n s,
£ E z . ei  - A
i  -
.  - i -  o Z ( X T )
A E A
1 N
 = ,  O Z X ( D V )
A C l - ^ 2)
.  ' Z X D ( C P )
A(1 -^ 4 . )
In  procedure STRESS,this p roduct i s  formed by use o f  procedure 
TRIMUL,which simply m u ltip lie s  th re e  m atrices  o f  any s iz e ,(b u t  conform able).
TRImUL c a lc u la te s  the  p roduct (D C P ) , th u s ,Y ,th e n  th e  p roduct (Z X Y ) ,  
i n  th e  same way.
The s c a la r  f a c to r  , 2 ,  i s  then  in c o rp o ra ted .
A (1 - / a .  )
To economise on s to rage  a r ra y s , 0 and D a re  c lea red  a f t e r  th e  f i r s t  c a l l  
o f TRImUL,and used to  accommodate Z and X re sp e c tiv e ly .A fte r  reach in g  
the  r e s u l t  £  , p r in c ip a l  s tr e s s e s  and p r in c ip a l  p lan es  a re  found in  
the normal way
u + <r ' /  , c v  *" . ■T3 -= (-----^ + /  ( _ X -----2L.) + <T -
P1 max v o V V V o xy
p 2 min ^
and, ta n  26 s
_ /-(X 5— ix .)  + ^
2
-  2 7
^  Y *^TT » ^  2
xy
( y - x
The p r in t -  out c o n s is t s , ( f o r  each t r i a n g le ) ,  o f
Panel No. Member Or 0* ‘xy Po
ex . y *1
FIG* 121^*shows th e  cond ition  o f th e  in v e rte d  pan e l w ith  
"boundary forces.From  th e  f ig u re
x2 = P^ + P^ cosO*
= P2 cos$< -  P^ c o so (
py2 = P j s i n *
py3 = -  sin©< -  P2 sinoC
I t  should he n o ticed  th a t  th e  equation  (14) then  becomes
• —  mmm — —
Px2 0 c o s 1
Px3 c o s o ^ -  c o s O < 0
Py2 0 s i n o C 0
_ py3 -  sin«< -  s i n p < 0
For t h i s  type o f p a n e l , i t  w il l  be n o ticed  th a t  th e  a l t e r a t io n s  
a re  made to  the terms i n  since and th e  fo rce s  exchanged in  th e  procedure 
STRESS.lt i s  a lso  seen th a t  y^ i s  now neg a tiv e .T h is  i s  a lso  changed in  
sign  by the procedure.
The two types o f panel a re  designated  1 and 2 by th e
-procedure PANELITO in  th e  4th* column of the a rray  pAhEL,and t h i s  type 
member i s  used to  assig n  th e  c o r re c t  signs in  procedure STRESS*
The load ing  arrangem ents te s te d  in  the  programme are  dep ic ted  
in  th e  p rocedure  I f  ABJ and a re  d e sc rib e d  as  modes ( l )  to  (5)«For th e  
g rav ity  lo ad  c a se s ,th e  maximum cond ition  o f  5*45 kg /  u n it  t r ia n g le  
was considered .For sim ulated  wind loading,maximum wind v e lo c ity  
cond itions were taken in  each case since th e  lower wind v e lo c i t ie s  and 
load in g  were in  d ire c t  proportion*
5.4*1* G ravity  lo a d in g ,fu l l  su rface  uniform  load ing  -  Mode *1.
The assumed lo ad in g  fo r  maximum cond itions o f  5*45 kg /u n i t
^7  2
panel was c o n s id e re d ,th is  be ing  eq u iv a len t to  2*57 x 10“ N /  mm •
Since th e  u n it  panel load ing  m erely p rov ides a co n stan t c o e f f ic ie n t  
w ith in  the  pro gramme, o th e r load ing  values w il l  give a l in e a r  agreement 
r a t io .
The m eridian  s tr e s s ,( a n d  in  t h i s  case th e  c o e f f ic ie n ts  a ls o ) ,  
a re  shown in  FIG. 1 2 2 ., l a t i tu d e  s t r e s s  values in  FIG. 123*
FIG* 1 2 3 .,a lso  shows th e  sim ulated  displacem ent r e s u l t s  fo r  
th e  in d ic a te d  p o in ts  o f  th e  dome p r o f i le  (3) ; (6) 5 (9)*This s im u la tio n  
n e c e s sa r ily  adopted support a t  th e  crown and base r in g  in  o rd e r to  
provide sen sib le  readings.T hese r e s u l t s  th e re fo re  a re  no t a c tu a l  v a lu es  
of d isp lacem ent,bu t increm ent values based upon a u n i t  crown d isp lacem ent. 
5*4.2 . G ravity  lo ad in g , ha I f  su rface  uniform lo ad ing . -  Mode .2*
The assumed load ing  again  considered maximum c o n d itio n s ,a s  
above.The pro gramme, fo r  th i s  case th e re fo re  adopted only one q u a r te r  
load ing  in  o rder to  p rovide r e s u l t s  fo r  bo th  the  lo n g itu d in a l and c ro ss  
d iam eters.
FIGS© 124 and 1 2 5 ., show r e s u l t s  fo r  m erid ian  and l a t i tu d e  
s tre s s e s  r e sp e c tiv e ly .F IG .1 2 6 .,shows th e  displacem ent and s im u la tio n  in
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accordance w ith the support co n d ition s described above*
5*4*3* Simulated wind lo ad in g , case .l.,1 4 Q  mph*,- Mode .3 *
Since the sim ulated wind load in g  fo r  the experim ental model 
was symmetrical about the lo n g itu d in a l a x is  o f  the dome s u r fa c e ,th is  was
9
e a s i ly  s im ila r ly  app lied  to  th e u n it  tr ian gu lar  pan els o f  the a n a ly t ic a l  
pro gramme. Further, th e cross diam eter o f  the sk e le ta l  s tru ctu re  in  
co in c id in g  w ith  th a t o f  the model dome,the r e s u lt s  a lso  show co n d ition s
O 'fo r  the wind a t  SO to  the lo n g itu d in a l axis.T he r e s u lt s  fo r  m eridian  
and la t i tu d e  s t r e s s ,  in - c o e f f ic ie n t  form, are shown r e s p e c t iv e ly  in  FIGS.
127 and 128.
Simulated dome displacem ents fo r  the lo n g itu d in a l,c r o s s  and 
45° diam eters are shown in  FIG.129*
5.4.4* Sim ulated wind lo ad in g ,ca se  . 2 . ,  140 mph.»- Mode.4*
Loading fo r  the programme data  was th a t  used f o r  th e  
experim ental model fo r  t h i s  c o n d itio n ,s im u la tin g  th e  dome w ith  open s id e s . 
S tre sse s  a re  again  shown in  c o e f f ic ie n t  fo rm ,fo r m eridian  and l a t i t u d e ,  
in  FIGS.131 and 1 3 2 .,re sp ec tiv e ly .T h e  r e s u l t s  fo r  th e  sim ulated  
displacem ent w ith  the  crown and base r in g  r e s t r i c t e d  are  shown in  FIG.130. 
3*4*5. Simulated wind lo ad in g ,ca se  .3 ..1 4 0  m ph.,- Hode.5o
This co nd ition  fo r  open s id e s  and with roughened dome su rface  
serves only to  corroborate  the p rev io u s case .S ince  th e  ta b u la r  lo ad in s  
were s im ila r ,a n d  only a constan t f a c to r  fo r  th e  programme,only s p e c if ic  
r e s u l t s  are  shown fo r  m eridian  and l a t i tu d e  s tr e s s  c o e ff ic ie n ts .T h e se  
'are shown in  FIGS.133 and 134*Sim ulated d isp lacem en ts ,as  above,are  shown 
in  FIG.135.
L
iW
 ^ \o\\\
~ *1£0/A /A tS  S T S S S S  CO S P S /C /S a /T S . __
MOOS. S. i
£ '# £ •3 .
l /N S .i . i/A /e .z2 c
\
t'Zb*
3 .
7 H e6 * er/c4 i A H A iys/s~  tv tu o  s /m u ia t /om  
— / v < £ / g 7 .  —
Z .4T /T & O S s r g s s s  < ?o& w /c /£ /S T S
i
%
I
o
r u s c ^ s r / c A i  a a / a l y s / s
w /a/ o  s /w a & d  7~/&a/ .
*s»
£>A/G/rt//>/AfAC &/AAi£T££
£0A/G/r&6/M4£
a/A m a r s e
W/AfbO
  A /4 M £ r £ g -----
S /M 4Z A 7SA  J> /S/V A C £M £A /rS -  M a £ £ .3 .
A OA/G/7V&/A/4 £  /> /A *i£T £e
  < J ? O S S  4> /A M £ r jE /e _____
S /» fi/l4  T£& 6/SPAAC£Af£fi/T&- Aj4&£.
/*/&. /S o
M S & 6 /4 #  S / t tS T  COS/Cp/C/SA/TS
o.
T H e o f i e r / c u  4 A/41  y s /s - m a/&  s / m u i a t / c a /
Na a  r / r < /6 £  s r # £ s s  c * £ / r / c / £ * / r s
+/OQ
-£/A /£~3m
T U £ 0 # £  rtC A  £. A M A iy S /S -  • kV/*/£> S /y V L A r /O A /
fif£ 4 /6 /A A t S r t& S S  <0£W /C /£A irS .
Tff£Q££77CA£ 4 A S A ty S /S -  Lv/a/& $/+r</£4rvG A/
— •^v<y. /3 3 »    .
ia t /7x/*£  sx e e ss  co£&/<z/&sr$
o
-T M O J e g r /C A  £  A * /A £y< S/S  -  S /* t& £ A  7 7 0 * /.
%»
 C&GSS 0 /A A f£ r& £  —
LaA /d/rt/6/v/ti &/A#i£r£C 
H//M6 &*
S/*7M A7'££ 6/££>£/}C£Ai£A/rs 0 » /n ). — M Ci>£.£.
/ $ $ •  - -------
CHAPTER . 6 .  -  DISCUSSION OP EXPERB1EHTAL AND ANALYTICAL RESULTS.
6 .1 . In tro d u c tio n #
Both experim ental and a n a ly t ic a l so lu tio n s  to a s tru c tu ra l 
problem imply th e  fo rm ulation  o f cond itions and assumptions which a re  no t 
ab le  to  be f u l f i l l e d  in  p rac tice .T h e  fewer th e  assumptions made th e  n e a re r  
th e  s o lu tio n  approaches to  th e  c o r re c t  cond itions and in  th e  u ltim a te  
s ta te  t h i s  would re q u ire  expensive and e lab o ra te  equipment o r a 
so p h is tic a te d  computer programme to  solve th e  problem. G enerally  th e  
problem i s  solved by th e  u t i l i s a t i o n  o f e x is t in g  equipment w ith  th e  
a d d itio n  o f new equipment w ith in  th e  scope o f  th e  budget.
R esu lts  ob ta ined  by a n a ly t ic a l  methods may s u ffe r  from th e  
com plexity o f m athem atically  s a tis fy in g  a l l  boundary co n d itio n s ,an d  
although a geometric s im ila r i ty  i s  o b ta inab le  th e  s tr u c tu r a l  fe a tu re s  may 
vary  w idely from th e  experim ental medium.Clearly u n less  an experim ental 
and a n a ly t ic a l  model i s  co n stru c ted  to  f a i r l y  rep re sen t th e  a c tu a l problem 
a comparison o f th e  r e s u l t s  by th ese  two approaches may show l i t t l e  
s im ila r ity ,.
The fo llow ing  i s  a d iscu ss io n  o f a l l  r e s u l t s  given in  ch ap te rs
(4) and (5 ) .
6 o2q Proposed standard t e s t  procedures fo r  mechanical p ro p er tie s  o f  g la ss  
and g lass/carbon  fib r e  re in fo rced  p la s t i c s .
A ll th e  proposed t e s t s  functioned  w ell and p rov ided  a b a s is  
f o r  development which could reasonably  be ap p lied  as s tandard  throughout 
th e  industry.D evelopm ent in  the to rs io n  t e s t  technique has c le a r ly  been 
shown.Standard t e s t  arrangem ents are  obviously  necessary  in  o rd er th a t  
va luab le  data  may be accumulated which i s  conformable and from which, 
f in a lly ,s im p le  design c h a r a c te r is t ic s  may be derived.The f iv e  t e s t in g  
p roposals are d iscussed  in  d e ta i l .
6®2®1® T e n s i l e  t e s t .
This t e s t  tough reasonab ly  w ell e s ta b lish e d ,in c lu d in g  th e  
ad d itio n  o f tab ends to  the. specimens,was seen to  be g rea tly  improved by 
the use o f a mould to  m anufacture th e  specimen.The mould method was 
adopted in s te a d  o f sawing o f f  specimen w idths from a la rg e  m anufactured 
sh ee t,an d  gave a b e t t e r  s tandard  com parison® Sim ilarly,the "dumbell11 
specimens gave a g re a te r  con sis ten cy  o f cen tre  f a i lu r e s  compared to  the  
s tr a ig h t  sided  specimens*
As can be seen from PIGS* 65 to  68 ,with. th e  excep tion  o f 
the  roving  specim en,(BJB 9)*th ey  a l l  d isp lay  ,,Hookiann c h a r a c te r is t ic s  
w ith in  th e  prim ary range o f the  s t r e s s  « s t r a in  re la tio n sh ip ® It may be 
seen th a t  the  most suitable^ g la ss  rein forcem ent fo r  a re in fo rc e d  p la s t i c s  
lam inate in  a x ia l  ten sio n  i s  th e  stranded  c o rd ,( i w and 4 ” diameter, »' 
Ref® BJB 7 and 3JB 8 re sp ec tiv e ly );b e ca u se  o f  i t s  u n id ire c tio n a l  
p ro p e r tie s  and th e  cohesion developed between the  filam en ts  i t  i s  
v a s tly  su p erio r to  the  u n d ire c tio n a l rovings o r th e  randomly o r ie n ta te d  
chopped s tran d  mat®It was noted during  ex p e rim en ta tio n ,th a t th e  method 
o f  attachm ent o f  th e  extensom eter to  th e  specimens could h a v e ,in  some 
cases,caused  a prem ature failu re® T his i s  e s p e c ia lly  t ru e  o f  th e  specimen 
BJB14,a s in g le  carbon f ib re  tow in  re  sin ,w hich  although i t  gave a much 
h ig h er modulus than  o th e r  g lass  and .carbon f ib r e  specimens,was no t so 
high  as might have-been expected from th e  m anufacturers l i t e r a t u r e  f o r  
th i s  m a te ria l in  a general purpose resin® * -
Since a l l  carbon f ib r e s  u t i l i s e d  were o f  th e  high modulus type 
and th ese  have u ltim a te  te n s i le  s tren g th s  o f th e  same o rd er as th o se  o f  
g lass  f ib r e  no improvement o f t h i s  m echanical p ro p e rty  could  have been 
expectedcSome in te re s t in g  in form ation  i s  rev ea led  from an in sp e c tio n  o f  
r e s u l t s  fo r  specimens BJB 9 and BJB10,which were' id e n t ic a l  except th a t  
the  l a t t e r  a lso  had a carbon f ib r e  tow®The r e s u l t s  show a la rg e
d iffe ren ce . In  u ltim a te  t e n s i le  s tre n g th  w ith  th e  carbon f ib r e  specimen 
having th e  low est strength .O n in v e s t ig a t in g  i t  was seen th a t  w ith  the  
a d d itio n  o f th e  carbon f ib r e  th e  specimen behaved as an l!Hookian,, 
m a te r ia l w ith in  th e  low er range o f th e  s tr e s s  -  s t r a in  r e la t io n s h ip * I t  
was a lso  noted th a t  during th e  l a t t e r  s tages o f  t e s t in g  t h i s  specimen 
th a t  th e  carbon f ib r e s  had tended  to  f ra c tu re  in to  sec tio n s  le a v in g  th e  
gLass reinforcem ent to  su s ta in  th e  lo ad .T h is  i s  a ty p ic a l  f a i lu r e  o f a 
composite c o n s is tin g  o f g lass ,ca rb o n  f ib r e  and r e s in  m atrix .The u ltim a te  
s t r a in  o f  th e  carbon i s  low er th an  th a t  o f  g lass  w hich ,in  t u r n , i s  low er 
than  th a t  o f th e  p la s t i c s  m aterials*B ecause o f  t h i s  th e  carbon f ib r e  w i l l  
f a i l  f i r s t  by u ltim a te  t e n s i le  s t r a in  p la c in g  a l l  th e  lo ad  on to  th e  
g la s s / r e s in  lam inate which w il l  then  f a i l  by th e  u ltim a te  t e n s i l e  s t r a in  
o f th e  g lass  being  reached*
Due to  the  d e lic a te  n a tu re  o f th e  ex ten so m e te r,it was 
necessary  to  remove i t  some time b e fo re  f ra c tu re  o f  the  specimen occurred  
The t e s t s  show f a i r l y  con c lu siv e ly  th a t  high modulus carbon f ib r e  in  
com bination w ith normal g la ss  re in fo rc e d  p la s t i c  i s  o f l i t t l e  a s s is ta n c e  
in  d ire c t  te n s io n .H o y ,'e v e r , i t  i s  in te r e s t in g  to  note th e  comparison 
between the  curves fo r  a 2 -p ly  t w i l l  weave rein forcem ent and th a t  f o r  
th e  s in g le  tow carbon f ib  r e ,  where i t  i s  shown th a t  in  th e  l a t t e r ,  although 
only  one th i r d  o f the cross se c tio n a l o f  th e  fo rm e r ,c a rr ie d  an equal 
lo ad in g  bu t w ith  only h a l f  the  extension*
A comparison-o f the  specimens BJB 1 ,4  and 5* a l l  having 
s im ila r  chopped s tran d  mat re in fo rcem en t, shows th a t  as th e  lam inate  i s  
in c reased  in  th ic k n e ss ,th e  lo ad /e x te n s io n  r a t io  in c re a se s  in  d ir e c t  
p ro p o rtio n .T h is  i s  not tru e  fo r  th e  tw i l l  weave re in fo rc e d  specimens? 
where i t  appears th a t  the  in c rease  i s  in  excess o f  d ire c t  p ro p o rtio n s  
probably  due to  the b e t t e r  bond o f th e  h ig h er q u a lity  lam inate .
The comparison o f th e  cord, re in fo rc e d  specimens a lso  shows 
a d ire c t  r a t io  fo r  a rea  and lo ad  cap ac ity .
The r e s u l t s  show e x c e lle n t conform ity fo r  a l l  t e s t s  c a r r ie d  
ou t* I t  i s  c le a r  th a t  s tre n g th  nnd modulus vary as th e  type o f 
re in fo rcem en t,hu t th a t  the  in c lu s io n  of high modulus carbon f ib r e  has 
a marked e f f e c t .T his i s  shown in  FIG-. 70*,where th e  s in g le  carbon f ib re  
ad d itio n  to  specimen BJB17 gives tw ice, th e  load  cap ac ity  f o r  equal 
d e f le c tio n  as compared to  th e  simple g la ss 're in fo rc e d , specimen BJB12. 
This d is t in c t  advantage in  the  u t i l i s a t i o n  o f  carbon f ib r e  i s  f u r th e r  
shoTm. in  FIG-.71*This f ig u re  a lso  shows a comparison fo r  th e  e f f e c t  o f 
immersion of the  specimen in  w ater and fo r  th e  p o s itio n in g  o f th e  
carbon fib re .T h e  e f fe c t  o f immersion i s  seen to  be n e g lig ib le ,b u t the  
p o s itio n in g  of th e  carbon f ib r e  on th e  compression face  shows le s s  
advantageous e f fe c t  fo r  th e  simple bend t e s t  than, v/ith th e  c a n ti le v e r  
te s t .T h is  l a t t e r  gives r i s e  to  the  sp ecu la tio n  th a t  th e  h igh  modulus 
e f fe c t  i s  dependent upon the  method o f f le x u re  involved .
The e l a s t i c  theo ry  ap p lied  to  th e  composite sec tio n  as d ep ic t 
in  the  c a lc u la tio n  does n o t,a s  perhaps e x p e c te d ,re f le c t the  a c tu a l  t e s t  
lo ad  a t  f a i lu r e ,b u t  i t  i s  seen th a t  load  fa c to rs  em erge.Thus,for th e  
specimen BJ317 th e  load  fa c to r  approximates to  2 ,while fo r  BJB18 th e  
lo ad  fa c to r  i s  3*Both composites have 1 No® tow o f  carbon f ib r e ,b u t  th e  
former has 6 p ly  ~ lyoz G. S. M., w hile th e  l a t t e r  has only 3 p ly  s . The 
p ro p o rtio n  o f carbon f ib re  area  i s  th e re fo re  of g re a te r  p ro p o rtio n  to  
the t o t a l  area fo r  the composite B JB l8 .It i s  seen in  se c tio n  5«2. and , 
d iscussed  in  sec tio n  6 .3 « ,th a t  in  d e fin in g  th e  e f fe c t iv e  a rea  o f  carbon 
f ib re  a reduction  fa c to r  i s  inc lu d ed  determ ined due to  the in c lu s io n  
.of carbon f ib re  being  w ith in  th e  specim en.This red u c tio n  could a lso  be
l i t
ap p lied  where the  carbon f ib re  i s  on the  e x te rn a l fa c e ,b u t vrould be 
more d i f f i c u l t  to  define.The load  fa c to rs  considered  th e re fo re  p rov ide  
a b e t t e r  d e f in it io n  fo r  the t o t a l  comoosite fo r  t h i s  l a t t e r  co n d itio n
and i t  i s  p o ss ib le  tha.t as th e  carbon f ib r e / r e s in  a rea  decreases to  le s s  
than  1% o f  th e  t o t a l  composite a rea  th e  lo ad  f a c to r  w i l l  reduce towards 
u n ity  and the  simple e la s t i c  c a lc u la tio n  provide a more accurate
t
assessm ent of lo ad  c a n a c i ty .I t  must be' remembered th a t  th e  simple theory  
i s  based upon th e  assumption th a t  th e  se c tio n  i s  a c tin g  as a complete 
e n ti ty ,a n d  no account i s  taken fo r  in te r la m in a r  sh ear.T h is  l a t t e r  i s  a 
s t r u c tu r a l  weakness and accompanies a l l  samples o f t h i s  n a tu re .S im ila r ly  
no account i s  taken  o f the  c rush ing  by th e  load ing  edge on th e  c r i t i c a l  
la y e r  o f carbon f ib re .(T h e  simple beam t e s t  exposes th e  f ib r e  to  ab rasio n  
which i s  non«existan t in  th e  c a n ti le v e r  t e s t ) . I t  i s  fu r th e r  very  d i f f i c u l t  
to  o b ta in  exact dimension o f  the  carbon fib re ,w h ich  i s  obv iously  c r i t i c a l  
in  t h i s  type o f c a lc u la tio n  due to  th e  very  la rg e  modulus v a r ia t io n  to  
th a t  of g lass.Such  a d i f f i c u l ty  does not e x is t  where th e  composite 
lam inate i s  formed from d if f e r in g  g la ss  reinforcem ent s .  The fa c to re d  
method i s  seen to  be used in  th e  c a lc u la tio n  fo r  th e  g rid  s tru c tu re  
where i t  p rov ides a sen sib le  r e s u l t .
FIG-. 7 2 . , shows a comparison between th e  e f f e c ts  derived  from 
re in fo rc in g  s im ila r  specimens w ith  d if f e r in g  len g th s  and amounts o f  
chopped carbon fib res .T h e  simple theory  does not c a te r  fo r  t h i s  type 
o f re in fo rcem en t1 and although good e la s t i c  c h a r a c te r is t ic s  a re  d isp lay ed , 
no co n stan ts  have been o b ta in ed .F u rth e r resea rch  could be c a r r ie d  out on 
th is  type o f ‘ re in fo rc in g ,b u t i t  i s  c le a r  th a t  the advantages a re  l e s s  
d i s t in c t  than  fo r  d ire c t io n a l  f ib r e  a d d itio n .
6 C2.3» Flexure t e s t .  -  C an tilev e r bend t e s t .
In  th e  f i r s t  graphs o f  t h i s  se rie s ,(X ,Y  and Z on FIG-.73® )s th e  
d e f le c tio n  r e s u l t s  were ob tained  by th e  use o f a f ix e d  v e r t ic a l  r u le .
There i s  a c lo se  s im ila r i ty  between th e  behaviour o f  specimens in  which 
carbon f ib re  i s  p laced , e i th e r  on th e  te n s io n  or compression face  o f  th e  
specimen.However,in bo th  these  cases i t  i s  seen th a t  the  d e f le c tio n  i s
only h a l f  th a t  experienced by a normal g lass  re in fo rc e d  specimen*
The second fam ily  o f graphs, (A,B and C on FIG.73® )»achieved 
under cond itions o f  g re a te r  s e n s i t iv i ty , l e v e r  arm 100mm,tends to  tak e  the  
advantages a stage fu r th e r  by re v e a lin g  th a t  the  in c lu s io n  o f  carbon 
f ib r e  on the  copmression face  g ives a b e t t e r  s e t o f  r e s u l t s  than  those  
when th e  carbon f ib re  i s  p laced  on th e  te n s io n  fa ce .F o r a given lo ad ,' 
the  d e f le c tio n  fo r  the form er co n d itio n  i s  approxim ately 3% o f  th a t  
f o r  th e  simple g la ss  re in fo rc e d  specimen and 8% o f  th a t  fo r  th e  carbon 
f ib r e  on th e  t e n s i le  face®No exp lanation  i s  able to  be given fo r  t h i s  
r e s u l t  and i t  only appears to  occur fo r  t h i s  form o f  bending since  i t  
was no t apparent f o r  th e  fou r p o in t lo ad  testoT he r i g i d i t y  o f  t h i s  
sample,due to  reduced le v e r  a im ,a lso  tends to  have some b earin g  on th e  
response o f th e  added carbon f ib r e .
The t e s t  fo r  creep under constan t lo a d ,a g a in ,c le a r ly  shows 
the  advantage o f p la c in g  the  carbon f ib r e  on th e  compressive face  o f  the 
specimen.
6c2.4o Torsion t e s t .
As would be expected th e  r e s u l t s  fo r  the  samples re in fo rc e d  
w ith e i th e r  type o f chopped s tran d  m a t,rev ea l s im ila r  l i n e a r  r e la t io n s h ip  
between the ap p lied  to rque and th e  angle o f tw is t ;  a g re a te r  angle o f  
tw is t fo r  the  same load  r e s u l t s  fo r  th e  sm aller g la ss  -  r e s in  ra tio .T h e  
graph fo r  the specimen re in fo rc e d  w ith  th e  5 p ly  tw ill,F IG -.75®? showed 
a n o n -lin ea r c h a ra c te r is t ic ,d u e  to  th e  o r th o tro p ic  n a tu re  o f  th e  
re in fo rc e m e n t.lt  was a lso  due to  t h i s  two dim ensional e f f e c t  o f  th e  
reinforcem ent th a t  d i f f i c u l ty  was experienced in  e a r l i e r  t e s t s  due to  
specimens f a i l in g  a t  th e  chucks r a th e r  than  c e n tra lly .T h is  was overcome 
by b u ild in g  up the  ends o f the  samples.
The f in a l  graphs,FIG . 76®,show a comparison between specimens 
id e n t ic a l  except fo r  th e  ad d itio n  o f  a. carbon f ib r e  on one o f  them.These
samples were o f s im ila r  c o n s tru c tio n  to  those  used in  form ing th e  f l a t  
g r id  s tru c tu re s * I t  can be seen th a t  although the  curves ev en tu a lly  fo llow  
a s im ila r  p a t te rn ,th e re  i s  an i n i t i a l  divergence fo r  th e  specimen having 
the carbon f ib re  a d d itio n * It i s  ou ite  p o ss ib le  th a t  th ese  specimens, 
te s te d  in  the i n i t i a l  p roposal f o r  end chucks,gave im proper re su lts*
The chucks having been widened fo r  th e  normal g lass  re in fo rc e d  specimen*
Erom -this t e s t  th e  carbon f ib r e  re in fo rc e d  specimen shows 
advantageous p ro p e r tie s ,b u t th e  uneven s tr e s s  d is t r ib u t io n  s e t up Y/ithin 
th e  specimen due to  th e  sm all chucks le d  to  shearing  between th e  o u te r  
lam in a te s ,th u s  ren d erin g  them ineffec tiv e* T h ese  o u te r  lam inates  comprised 
the  carbon f ib r e  re in fo rcem ent,and  once th ese  reg ions had f a i le d  th e  . 
r e s u l t s  follow ed a s im ila r  p a t te rn  as in d ic a te d  by th e  p la in  g la ss  
re in fo rc e d  speciraen*It i s  th e re fo re  considered  th a tth e  t e s t , i f  rep ea te d  
7/ith w ider chucks,as shown in  th e  new n ro p o sa l,th e  im proper r e s u l t  due 
to  shearing  would not occur and a d i s t in c t  advantage seen*
The m id -te s t a l t e r a t io n  o f th e  chucks f o r  T.dder support 
u n fo rtu n a te ly  a lso  s l ig h t ly  d isp laced  th e  specimens from th e  a x is  o f  
torsion*The new proposal rem edies t h i s  deviation*
6*2*5* In te rlam in a r shear t e s t *
I t  can be seen from th e  ta b le  o f r e s u l t s  th a t  th e  v a lu es  f o r  
mean an<^  max are  h igher 3-n case o f the  specimen co n ta in in g  
6 p ly  l4-os chopped s tran d  mat th an  those specimens adopting  9 p ly  lo z  
reinforcem ent*Although th e re  i s  p r a c t ic a l ly  th e  same percen tage o f  
reinforcem ent in  th ese  sam p les ,th is  r e s u l t  i s  most probably  due to  th e  
fa c t  th a t  th e re  are  a g re a te r  number o f in te r fa c e s  in  th e  9 ply specimen* 
Although th e o re t ic a l ly  th e  lam inae should be desized  by th e  r e s in  to  
form a homogeneous s tru c tu re , a minor amount o f cure could take  p lace  
during the  hand lay-up process to  give a nominal r e je c t io n  c h a r a c te r is t i c  
between in d iv id u a l lamina.®Thus th e  g re a te r  the  number o f  bonds w ith in
th e  structure o f  the t o t a l  lam in ate ,th e  greater the p o s s ib i l i t y  o f
in terlam inar shear tak in g  place*
As fa r  as th e in c lu s io n  o f  carbon f ib r e  was con cern ed ,th is  
nrovided no u se fu l advantage to  the c h a r a c te r is t ic s  e x p lo ited  by the 
te s t» In  fa c t,a cco rd in g  to  the r e s u lt s  o b ta in e d ,it  appears to  have been  
a disadvantage*This may be b a s ic a l ly  due to  the in crea se  in  cross  
se c tio n a l area w hile the maximum shear fo rce  remained a t approxim ately  
the same value fo r  each test.H ow ever,during the experiment a loud rep ort 
occurred when the load  was a t 1800 kN, which was assumed to  have 
or ig in a ted  from the fra c tu r in g  o f  the carbon f ib r e  layer.D ue to  th e  
lo c a t io n  o f  the carbon f ib r e s ,a s  th e  unprotected ex tern a l l a y e r , i t  was 
im possib le to  perform th e t e s t  -with th ese  f ib r e s  a c tin g  in  a com pressive 
cap acity  since  th e crushing e f f e c t  o f  the load  was ap p lied  a t th e  p o in t  
where maximum stren gth  would b e required o f  the f ib r e s  before  advantage 
was achieved* I t  would seem th a t the carbon f ib r e  a d d itio n  would be better; 
disposed  i f  ju st  w ith in  the ex trem itie s  o f  the lam inate to  ob ta in  a 
more u se fu l a p p lica tio n  fo r  t h is  te s t*
6*3* Simple g rid  s tru c tu res*
the incorporation  o f  a nominal amount o f  carbon f ib r e  o f  o f  th e
cross se c t io n a l area o f  the specim en,the displacem ent may be reduced  
by as much as h-5fo; th e specimen rev ea ls  the c h a r a c te r is t ic  p r o p e r tie s  
o f  the e la s t i c  theory*
The ta b le  o f  r e s u lt s  showing increm ental and decremented 
lo a d in g ,a lso  in d ica ted  as p o in ts  on the graph c u r v e s ,c le a r ly  d efin e  th e  
t e s t s  as being w ith in -th e  p rop ortion al range s in ce  complete recovery  
was achieved as the load in g  was decreased to  zero. The load in g ,w h ich  
was app lied  through a pneumatic jack was resp on sib le  fo r  th e  uneven 
change in  loadings*The s tr a in  readings were measured by means o f  the
I t  can be seen from the graphs o f  load  — d e f le c t io n  th a t  by
,!P eek el“ apparatus,which had been c a lib ra ted  fo r  a constant s tr a in  gauge 
fa c to r  o f 2 ; th is  required  the readings to  be converted fo r  th e p r a c t ic a l  
gauge fa c to r  o f  2.12*
From the graphical r e s u lt s  o f lo a d  -  s tr a in  ,th e  immediate 
fa c t  to  emerge i s  th a t the carbon fib re ,o n c e  again appears to  have had 
the g rea test e f f e c t  on the compressive face*The s tr a in s  w ith in  both  
t e n s i le  and compressive fa ce s  o f  the carbon fib re  re in fo rced  grid  are o f  
s im ila r  value,w hereas in  the p la in  g la ss  cord re in forced  g r id ,th e  s tr a in  
in  th e compressive fa ce  exceeded th a t in  the t e n s i le  fa ce  by approxim ately
IW* •
I t  was assumed in  th e  i n i t i a l  c a lc u la tio n s  fo r  the g r id  th a t  
no to r s io n a l r e s tr a in t  to  bending was o ffer ed  due to  the jo in ts  a t th e  
perimeter*The r e s u lt s  fo r  the to r s io n a l t e s t  o f  the specimen cut from 
the waste o f the grid  con stru ction  were in co n c lu siv e  though i t  was seen  
th a t some measure o f  r e s tr a in t  was shown*Thus a general to r s io n a l constant 
and modulus o f  r ig id i t y  were assumed fo r  the a n a ly t ic a l approach.The 
assumption fo r  the f le x u r a l modulus reduction  fo r  the carbon f ib r e  in  
the e la s t i c  a n a ly s is  o f  composite m odulus,derives from the mode o f  
manufacture and i s  seen to  provide the accurate agreement w ith  th e  
experim ental conditions*The advanced technique o f  manufacture a s s is t e d  
in  providing a homogeneity o f  the stru ctu re fo r  the experim ental co n d itio n s  
which i s  a lso  w e ll su ited  to  mathematical analysis*T he a n a ly s is  i s  
c le a r ly  adm issib le s in ce  a l l  a sp ects  fo llow ed  the requirem ents o f  th e  
a ctu a l stru ctu re .
6.4* Y/ind tunnel methods*
The wind tunnel a n a ly s is ,a p p lie d  s p e c i f ic a l ly  to  a c i v i l  
engineering problem,has been undertaken fo r  an id e a lis e d  s e t  o f  
conditions.T hus although the wind tunnel technique may be used w ith  
l i t t l e  m od ification  fo r  a ir c r a ft  stru ctu res w ith in  the subsonic v e lo c i t y
r a n g e ,it  only approaches v a l id i t y  fo r  c i v i l  engineering stru ctu res i f  
th a t structure i s  s i t e d  on e lev a ted  and exposed lo c a tio n s  devoid o f  other  
b u ild in g s  or other general ground features*These co n d ition s o f  lo c a tio n  
ra re ly  apply and i t  i s  found th a t various eddies in  the v ic in i t y  o f  the  
stru ctu re are developed by the proxim ity,and shape o f  other s tr u c tu r es , 
the den sity  o f  b u ild in g s  and ground features*T hese various d istu rb in g  
in f lu e n c e s  a f f e c t  the v e lo c i ty  d is tr ib u tio n  and a lt e r  i t  considerab ly  
from the fr e e  flow  and uniform v e lo c i ty  o f  the wind tunnel,w hich  has 
been assumed in  the analysis*T here i s  a lso  a drag e f f e c t  a t ground le v e l  
which w i l l  cause a departure from th e  uniform v e lo c i ty  d is tr ib u t io n ,  
though th ese  may be overcome to  some ex ten t by in trod ucing  a sheer  
p r o f i le  to  the d istribution©
I t  i s  c lea r  th a t i f  a l l  e f f e c t s  due to  wind are considered , 
a model o f  the structure in  i t s  correct p o s it io n  r e la t iv e  to  the  
surrounding b u ild in g s and se t  up a t the correct ground le v e l  would have 
to  be b u ilt  and te s te d .T h is  would require a very la rg e  and expensive  
wind tu n n e l,a s  w e ll as an elaborate m odel,but in  s p ite  o f  t h i s  the sc a le  
e f f e c t s  would s t i l l  not be s a t i s f i e d .
I t  i s  th erefore  j u s t i f ia b le  to  consider the id e a lis e d  problem  
in  order to  determine the correct pressure d is tr ib u tio n  on the stru ctu re  
from a uniform wind.and thence to  compute th e s tr e s s e s  s e t  up in  a 
monitored stru ctu re .
The r e s u lt s  o f  the a n a ly s is  fo r  each o f  the th ree  ca ses  
considered sho r^ th at high n egative  p ressu res are developed on th e  
windward edge o f shallow  domical structures.O n lig h tw eig h t p la s t i c s  
stru ctu res the high su ction  w i l l  exert la rg e  t e n s i le  s t r e s s e s ,th e s e  w i l l  
not be counteracted by the dead weight o f  the s tr u c tu r e ,a s  i s  'g e n e ra lly  
the case in  conventional m a ter ia ls . *||
In a l l  cases the pressure f e l l  away q u ite  rap id ly ,th ou gh  t h is  
i s  more pronounced in  the cases (2) and (3) where open s id es  were
co n sid e red .F u rth e r,h ig h e r p re ssu re s  occurred on th ese  two c o n d itio n s . 
Since the  roughened su rface  provided  s im ila r  p re ssu re  d is t r ib u t io n  i t  
i s  s a t is f a c to ry  to  assume th e  v a l id i ty  o f th e  iso -b a r  p a t te r n .I n  
s im ulating  th ese  p ressu re  d is t r ib u t io n s  on th e  experim ental m odel,the 
u n it  t r ia n g u la r  su d -d iv is io n s  a ffo rd ed  a reasonab le method o f 
approxim ation o f a c tu a l co n d itio n s .
6.5» Large d iam eter s t a t i c  model dome.
Displacement c h a ra c te r is t ic s  fo r  the  s e r ie s  o f g ra v ity  lo ad  
te s t in g ,c a r r ie d  out over a s ix  month period,show ed a consis tency  f o r  
th e  model s h e ll  in  s p ite  o f th e  la rg e  tem perature v a r ia tio n .A  s im ila r  
p e rio d  e lapsed  during  which th e  wind sim ulation  t e s t s  were undertaken; 
the displacem ent p a t te rn  again  shows consistency.FIG-. 93* ? showing 
apparen tly  sharper curves,w ould probably have shovm s im ila r i ty  i f  
f u r th e r  creep read ings had been taken .
The manufacture o f th e  m odel,w ith p o s it iv e  c en te rin g  by 
f ix e d  r in g  on the  'w e ll-m ad e ,ro b u s t,accu ra te ly  shaped fo rm er,took  more 
than  s ix  months to  c o n s tru c t .F u r th e r ,th e  homogeneity o f la y -u p ,in c lu d in g  
jo in t in g  and the  c o n s is te n t r in g  beam ,provided a model capable o f g iv ing  
sen s ib le  and meaning fu l  resu its .A lth o u g h  the  technique o f lo ad in g  used 
in  t h i s  in v e s tig a tio n  was leng thy ,due to  th e  number o f w eight hangers, 
th e  d if f e r in g  magnitude o f the  lo ad  on each fo r  any one t e s t  and the  
a l te r a t io n  o f load  system s,the dead weight method o f  app ly ing  lo a d  to 
a s tru c tu re  i s  probably  the  most r e l ia b le  p a r t ic u la r ly  when undertak ing  
creep te s t in g .  •
For. the suction  load  c o n d itio n s ,th e  tube r o l l e r  arrangem ent J l  
were not id e a l ,b u t  d id  prove s a t is f a c to ry  and had no m easurable f r i c t i o n  
a sso c ia te d  w ith  them;however a more so p h is tic a te d  system o f f r i c t i o n l e s s  
r o l l e r s  would have been p re fe r re d .
Fixing arrangem ents m aintained the  dome w ithout movement
during  the  wind sim ulation  te s t s .C le a r ly  the  a n a ly t ic a l  method o f the  simple 
membrane theory  has no t got t h i s  f a c i l i ty ,w h i le  th a t  o f the eq u iv a len t 
s k e le ta l  framework i s  conformable.Thus th e  check c a lc u la tio n s  o f th e
membrane a n a ly s is  c o n sid e r only  th e  s h e l l  p o r tio n ,w h ile  th e  programme 
’'Pins'* i s  capable o f  consid e rin g  the  f i x i t y  o f th e  r in g  beam and ground 
f ix in g s .
The model functioned  w ell throughout the  whole programme o f 
te s t in g  and need no re p a irs  a t  a ll .T h e  s l ig h t  lo c a l  co llap se  during  t e s t  
No. 3 * jin  no way damaged th e  model and no fu r th e r  s tren g th en in g  was 
ap p lied .
6 .3 .1 .  G ravity lo ad in g .
Experim ental displacem ent r e s u l t s  are seen to  ,be conformable 
and approxim ately l in e a r  throughout d esp ite  the  la rg e  v a r ia t io n  in  
tem perature experienced during th e  s e r ie s  o f  te s t s .F u r th e r , th e  recovery  
a f t e r  removal o f the  lo ad  showed'good c h a ra c te r is tic s .U n d e r  th e  high 
load  p e r u n it  a rea  value g en era lly  th e  m a te ria l d isp layed  a decreasin g  
displacem ent r a te  w ith  in c rea se  in  tim e ;th e  creep displacem ent was o f th e  
o rder o f  10% -* 20^ o f the  i n i t i a l  e la s t i c  d isp lacem ent,the  l a t t e r , r a t h e r  
excessive v a lu e ,o n ly  occurring  fo r  the  extreme case o f  h a l f  lo ad in g  a t  
th e  l in e  o f dem arcation o f lo ad . '
The a n a ly t ic a l  sim ulated  displacem ents,w here th e  base r in g  and 
crown were re s tr ic te d ,g a v e  r e la t iv e  displacem ent o f  th e  in te rm ed ia te  
s h e ll  to  those two p o in ts .F o r  th e  cond ition  o f f u l l  lo ad in g  th ese  
r e la t iv e  valuesare  seen to  be o f  th e  o rder d isp layed  ex p erim en ta lly . In  
th e  cond ition  o f h a lf  lo ad in g jth e  a n a ly t ic a l  r e s u l t s  underestim ate  th e  
r e la t iv e  values ob ta ined  by experim ent fo r  the  lo n g itu d in a l d iam eter, 
b u t overestim ate fo r  the  cross d ia m e te r .T h is la t te r  i s  p a r t ic u la r ly  
n o ticeab le  except in  experim ental t e s t  No. 4 . , where an approxim ation 
e x is ts  in  th a t  the  maximum d e f le c tio n  occurs a t  the  q u a rte r  p o in t o f  th e
sh e ll,th o u g h  th e re  i s  again an underestim ate of th e  experim ental v a lu es .
The cond ition  o f t e s t  No. 3«sphere lo c a l  co llap se  occurred , 
must reasonably be r e la te d  to  the  extrem ely high tem perature e x is t in g  
a t  th a t  t im e . l t  should  be r e a l i s e d  th a t  th e  tem p era tu res  given were th e  
a i r  tem perature a t  th e  Wisley m etero log ica l s ta t io n , th e  la b o ra to ry  
tem perature was probably h igher than th is ,a n d ,d u e  to  th e  c le a r  p l a s t i c s  
dome overhanging the m odel,a p o ss ib le  fu r th e r  e le v a tio n  o f tem perature 
was caused by th e  concen tra tion  o f the  sun’s rays.The lo c a l  in d e n ta tio n  
d isappeared  on removal o f the  lo ad in g  and d id  not reappear during  the 
t e s t s  Nos. 4 and 5 * it must be assumed th a t  no damage to  the  s h e ll  
occurred .
Test No. 5*5 shows g re a te r  equivalence o f c h a r a c te r is t ic s  fo r  
displacem ent than  o th e r s im ila r  t e s t s  o f th e  s e r ie s ,th e  tem perature 
being  r e la t iv e ly  lower during th i s  t e s t .
Experim ental r e s u l t s  fo r  the  f u l l  su rface  lo ad in g  showed a 
conformable m eridian s t r e s s ,o f  compression in  the s h e l l  and te n s io n  in  
the r in g  beam ,throughout the lo ad in g  range.The te n s i le  s t r e s s - va lues 
being  approxim ately th a t  e x is t in g  in  the  extreme o u te r s h e ll  membrane 
and 1 .5  x the  value a t  the  crown.Nominal s tr e s s  v a r ia t io n  occurred  in  
the th ick n ess o f the m a te ria l o f  the  sh e ll .E o r  the  h a l f  lo ad in g  
c o n d itio n s ,n e g lec tin g  the la rg e  reduction  a t  the § p o in t ,  (though s t i l l  
com pression), the r e s u l t s  show f u l l  compression o f th e  s h e ll  membrane 
over th e  lo n g itu d in a l d iam eter,w ith  marked red u c tio n  w ith in  th e  unloaded 
area.A s would be expected ,the  va lues fo r  th e  loaded s id e  exceeded the 
cond ition  of f u l l  su rface lo ad in g ,in c lu d in g  the  enhanced te n s i l e  value 
a t  the  base ring .T he r e s u l t s  f o r  the  cross d iam ete r,g en era lly  d isp la y  
in te rm ed ia te  values to  the  above,but w ith marked red u c tio n  o f t e n s i l e  
s tr e s s  a t  the b ase .T est No.3 . 9showing a la rg e  in c rease  a t  th e  q u a r te r  
p o in t o f the s h e ll  surface could r e la te  to  the lo c a l  c o lla p se ,a lth o u g h , 
of c o u rse ,th is  occurred on a 45° diam eter w ith in  the  loaded a re a .
A n aly tica l measurement by simple membrane th eo ry  fo r  the  f u l l  
surface  load ing  showed comparable r e s u l t  a t  th e  q u a rte r  and § p o in t o f the  
s h e ll  d iam eter,bu t r a th e r  underestim ated  a t  the  s h e ll  e d g e ,p a r tic u la r ly  • 
a t  the ex trem ity * F u rth er,sin ce  no f ix i t y  was adopted,no la rg e  s tr e s s  
re v e rs a l  was apparent*
The values o f the programme "Pins" genera lly  overestim ated  
the  experim ental r e s u l t s  by 1*5 except a t  th e  o u te r edge where th e  r e s u l t s  
approached those ob ta ined  experim en ta lly .F o r the h a l f  lo ad in g  co n d itio n , 
the values given by the  computer programme genera lly  underestim ated  those 
o f th e  experiment on th e  loaded s ide  o f the  lo n g itu d in a l d iam eter,though 
approached the  experim ental values fo r  th e  o u te r  p o r tio n  o f the s h e ll  
on th e  unloaded side.The cross diam eter r e s u l t s  d isp layed  r a th e r  h igher 
s t r e s s  values fo r  th e  m id d le 'h a lf  o f  the s h e ll ,b u t  s im ila r  va lues fo r  
the  o u te r q u a rte r  o f  the s h e ll  compared to  th e  experim ental re su lts*
For la t i tu d e  s t r e s s e s ,th e  l o a d — s tr e s s  curves show a 
reasonable agreement through the  load  range fo r  the f u l l  su rface  loading* 
Experim ental r e s u l ts  d isp lay  alm ost equal l a t i tu d e  s tr e s s  c o e f f ic ie n t  o f 
u n ity  fo r  th e  v/hole o f the middle h a lf  o f th e  dome s h e ll  w ith  an in c rease  
in  value a t  th e  3 /l6  p o in t from th e  s h e ll  edge.T ensile  s tr e s s  i s  again  
observed a t  the  base r in g ,H a lf  load ing  o f  th e  surface  re v e a ls  p o s it iv e  
and negative  values over th e  lo n g itu d in a l diam eter w ith  th e  maximum n ear 
to  the  crown on the unloaded side*This l a t t e r  side show m ainly te n s io n  
fo r  the o u te r  q u a rte r  o f the dome,but only nominal a t  the  base ring .T he  
sudden change to  ten sio n  on the  loaded side  near to  the  crown i s  d i f f i c u l t  
to  e x p la in ,p a r t ic u la r ly  since w ith in  the middle zone fo r  c ross  diam eter 
r e s u l t s ,a  l a r g e , to ta l ly  compressive cond ition  i s  seen to  occur f o r  the  
t e s t s  Nos. 3 * 4  and 5*These l a t t e r  t e s t s  s im ila r ly  d isp lay  te n s io n  over 
the o u te r q u a rte r  o f .th e  s h e ll  and a l l  w ith g rea tly  in c reased  ten s io n  a t  
the base r in g .
By membrane a n a ly s is  the  la t i tu d e  s t r e s s , f o r  th e  f u l l
su rface  lo a d in g ,v a r ie s  uniform ly from maximum a t  the  crown down to  a 
c o e f f ic ie n t  o f 0.57 a t  the  extreme of the s h e ll ,b u t  s t i l l  com pressive. 
This shows a general resemblance to  the  experim ental r e s u l t ,b u t  does no t 
in d ic a te  te n s io n -a t the base r in g .
A n a ly tica l la t i tu d e  s tr e s s e s  obtained  by computer programme 
in d ic a te  an in c rease  in  value a t  the  q u a rte r  p o in t,b u t show d is s im ila r  
s tr e s s  v a r ia tio n  over the  s h e ll  su rface  f o r  the  f u l l  su rface  load ing ; 
g enera lly  overestim ating  the  va lues ob ta ined  experim entally .U nlike th e  
f u l l  su rface lo a d in g ,th e  corresponding va lues fo r  the  h a l f  lo a d in g  
cond ition  d isp layed  by computer programme alm ost ex ac tly  matches those  
obtained  experim entally  fo r  bo th  lo n g itu d in a l and cross  d iam ete r,th e  
l a t t e r  alm ost approaching th a t  o f  the  t e s t  No. 3* A s im ila r  sudden 
change to  ten sio n  fo r  the  loaded side  of th e  lo n g itu d in a l d iam eter i s  
a lso  apparent in  the  computer a n a ly s is .  .
6 .5 .2 . Simulated wind lo ad in g . .
The experim ental r e s u l t s  o f c a s e . l .  d isp lay  conform ity in  
the  displacem ent c h a ra c te r is t ic  cu rves.D esp ite  the  high lo ad in g  a t  th e  
lead in g  edge o f the  s h e ll  only nominal deform ation i s  d ep ic ted  fo r  wind 
0° and even in d ic a te s  compression. The wind 90° cond ition  shows a 
reasonable comparison fo r  the  c ross  d ia m e te r ,s im ila r ly  th e  gauge mk.20 
on the t r a i l i n g  edge gives a comparable r e s u l t  to  th a t  o f  m k.l5*for , 
s im ila r  p o s itio n ,o n  the  wind 0° te s t .F o r  th e  second t e s t  w ith  in c re a s in g  
tem perature to  an e lev a ted  le v e l  i t  would be expected th a t  a g re a te r  
s tr e s s  and th e re fo re  g re a te r  deform ation would o c c u r ,th is  i s  seen to  
have happened.
The r e la t iv e  d isp lacem ents,w ith  base r in g  and cron r e s t r i c t e d ,  
f o r  the computer an a ly s is  show approximate s im i la r i ty , g en era lly  s l ig h t ly  
overestim ating  the experim ental v a lu es ,b u t w ith  a la rg e  o v erestim atio n  
fo r  the  lead in g  edge.
For case * 2 . ,although th is  t e s t  was carried  out a t high
ambient tem perature th e re  was no la rg e  v a r ia t io n  o f tem perature during
the  te s t.A g a in  the experim ental r e s u l t s  show only nominal displacem ent
a t  the lead in g  edge*For t h e •c ro s s . diam eter a n •ex cep tio n a lly  la rg e
displacem ent occurred fo r  the  wind 0° t e s t , a  b e t te r  comparison between
*
a n a ly t ic a l  and experim ental r e s u l t s  being achieved fo r  the 90 wind t e s t .  
This l a t t e r  t e s t  gave in creased  va lues o f displacem ent throughout.The 
a n a ly t ic a l  r e s u l ts  showed g en era lly  a n ea re r approxim ation to  the wind 
90° r e s u i t s .
The r e s u lt s  fo r  case*3 .,w ere compared w ith  th ose o f  c a s e .2, 
Reasonable s im ila r it ie s  are d isp layed  w ith  the wind 0° t e s t  o f  th a t case  
although two o f  the gauges showed w idely d if fe r in g  result®The wind 90° 
t e s t  showed a good approximation to  the s im ila r  cond ition  o f  the c a s e .2 , 
Again the lead in g  edge depicted  only, nominal d isp la cem en t.A n a ly tica lly  
the r e la t iv e  displacem ent r e s u lt s  agreed very w ell fo r  the two c a se s ,  
but again gen era lly  overestim ated the displacem ents as compared Yd.th 
those obtained experim entally .
Experim ental values fo r  the m eridian s tr e s s  o f  c a s e . l . , sho?r 
g en era lly  constan t s tr e s s  over the  major p a r t  o f the  s h e ll ,w ith  an 
eq u iva len t compression over the  extreme edge r in g .F o r  th e  c ross  d iam eter 
s l ig h t ly  h igher values a re  shown over the  same zones o f  the  s h e l l .  
A n a ly tica lly  the  r e s u l t s  shew a s im ila r  p a t te rn  and good comparison w ith  
experim ent;the windward side b e ing  somewhat overestim ated  w hile th e  cros 
d iam eter shows some underestim ation® For the  leeward h a l f  d iam e te r,th e  
zone from crown to  q u a rte r  p o in t gives good agreement.
. Meridian s tr e s s  p a t te rn  fo r  the  c a s e ,2 .,h a s  s im ila r  zoning 
fo r  te n s i le  and compressive s tre sse s .A g a in  th e re  i s  a good s im ila r i ty  
between experim ental and a n a ly t ic a l  r e s u l t s  displayed,m any p o s it io n s  
g iv ing  exact s im ila r ity ,T h e  s im ila r  p a t te rn  i s  a lso  apparent fo r  th e  
case .3 * jb o th  experim entally  and a n a ly t ic a l ly  w ith a 10% d iffe re n c e
between re su lts ,,
The la t i tu d e  s tr e s s  zoning fo r  th e  c a se .l.,sh o w s  experim en tally  
th a t  fo r  the  windward side  a slow in c rease  to  maximum value a t  the  
q u a r te r  p o in t of the s h e ll  o ccu rs , th e re a f te r  a slow decrease and w ith 
normal compression a t  the  extreme edge.The leew ard side  d isp lay s  alm ost 
t o t a l  te n s io n ,b u t w ith  a marked low p o in t a t  i t s  m id -leng th .T h is  lower 
value g en era lly  dominates th e  c ro ss  diam eter except fo r  a high p o in t 
towards the. c row n .A naly tica lly ,a  s im ila r i ty  i s  shown fo r  a l l  d iam eters, 
w ith a s im ila r  maximum towards the  q u a rte r  diam eter from th e  o u te r  edge* 
Thus the ca lc u la te d  r e s u l t  approximates to  th e  windward s id e  co n d itio n  
o f the  experim ental v a lu es .
In the  c a s e .2 . , r e s u l t s , th e  a n a ly t ic a l  values again  approximate 
to  the  windward side as d isp layed  ex p erim en ta lly ,b u t overestim ate  those  
fo r  the leew ard cond itions;though  a s im ila r  p a tte rn  i s  shown fo r  th e  
cross diam eter the r e s u l t s  are  ra th e r  lower experim en ta lly ,w h ile  the  
computer r e s u l ts  again  follow  a p a t te rn  s im ila rto ,th o u g h  r a th e r  louver 
th a n ,th e  windward zone.
Though showing a somewhat s im ila r  p a tte rn  to  th e  c a s e .2 . , the 
case .3 « jco n d itio n s  ob tained  experim entally  a re  r a th e r  h ig h e r ,p a r t ic u la r ly  
fo r  the cross d iam eter.T his i s  a lso  ev iden t in  the  a n a ly t ic a l  r e s u l t ,b u t  
th ese  a lso  tend  to  show the maximum ten sio n  removed n ea re r  to  th e  o u te r  
edge o f the s h e ll  .Reasonable agreement i s  seen between th e  two methods 
fo r  the  middle h a lf  o f the s h e l l .
I t  i s  seen from comparison o f th e  h a lf  g ra v ity  lo ad in g  
co n d itio n , considered as the t r a d i t io n a l  .wind load  s ta te ,a n d  th e  sim ulated  
wind cond itions ob tained  from th e  wind tu n n e l; th a t  although a nominal 
s im ila r i ty  appears fo r  th e  m eridian s tr e s s  on the windward s id e ; th e  
leeward side gives gross underestim ate by th e  t r a d i t io n a l  method.
For the windward side  o f the t e s t  No. 2 . , th e re  was some s im ila r i ty  w ith  
th a t  o f the case .2 . sim ulated wind te s t ,e v e n  showing a s im ila r  p o s it io n
fo r  a low p o in t* F o r tho  l a t i t u d e  s t r e s s  h o w e v e r ,s im ila r i ty  was n o t. 
d isp la y e d  except f o r  th e  edge r in g  s tre s s o
I t  i s  c le a r  th a t  th e  ease  o f  ex p erim en ta tio n  u s in g  th e  wind
tu n n e l p ro v id e s  a v a s t ly  s u e e r io r  means o f  d e te rm in a tio n  f o r  p re s su re
and hence s t r e s s  v a r ia t io n  f o r  th e  s h e l l  struc tu re* ,
*
6.6* The a n a ly t ic a l  s o lu t io n *
The a n a ly t ic a l  to  th e  above problem  i s  so lv ed  i n i t i a l l y  by a 
s k e le ta l  approach which g ives d e f le c t io n s  and fo rc e s  in  members o n l y . I t  
i s  p o s s ib le  to  o b ta in  an e s tim a te  o f  th e  s t r e s s e s  in  th e  continuumm by 
app?^ying a m odified  f i n i t e  elem ent approach u t i l i s i n g  th e  node fo rc e s  
o f  each e lem en t* It may be r e a d i ly  seen th a t  th e re  i s  one d isad v an tag e  
to  t h i s  method.*The elem ent a re a  and number i s  r e s t r i c t e d  to  th e  zone 
bounded by th e  fo ld s  o f  th e  s t r u c t u r e ; t h i s  im p lie s  t h a t  th e  s t r e s s  has 
an average value th roughou t t h i s  zo ne* It i s  w e ll known th a t  th e  s t r e s s  
v a lu es  o f  a continuum fo ld e d  p la te  s t r u c tu r e  have t h e i r  maximum v a lu e s  
c lo se  to  th e  fo ld s  a n d . th e i r  l e a s t  v a lu es  n e a r to  th e  c e n tro id  o f  th e  
continuum area.H ow ever n e a r  th e  c e n tro id  o f  th e  elem ent when i t  i s  
under a com pressive lo a d  th e  g r e a te s t  b u c k lin g  w i l l  be ex p erien ced * In  
an' experim en tal t e s t ,b u c k l in g  may be observed  by p la c in g  e l e c t r i c a l  
s t r a i n  gauges a t  th e  p o in t  co n sid e red  on th e  top and bottom  extrem e 
f ib r e s ,b u t  th e  p lan e  s t r e s s  f i n i t e  elem ent c o n s id e rs  on ly  in ~ p lan e  
s t r e s s e s  and th e re fo re  i t  would be expected  th a t  when a n a ly s in g  a s t r e s s  
sk in  s t r u c tu r e  th e  s t r e s s e s  d e riv e d  from th e  a n a ly t ic a l  a p p ro a ch ,a s  
d e sc rib e d  above,would n o t compare v e ry  w e ll w ith  an ex p erim en ta l 
te c h n iq u e . l t  i s  a lso  seen th a t  w ith  th e  s k e le ta l  c o n f ig u ra tio n  chosen , 
th e  d isp lacem ents may n o t be sim ply o b ta in e d  b u t re q u ire  r e s t r a i n t  a t  th e  
crown and base  r in g ,th e re b y  g iv in g  on ly  r e l a t i v e  defo rm ation  o f  th e  
s h e l l .
CHAPTER „7. -  CONCLUSIONS.
7•1 . In tro d u c tio n .
Any conclusion?to  be v n lid  renujjres a la rg e  amount o f  to s t  
da ta  to  be accumulated in  o rder th a t  p re d ic tio n  may be made w ith  any 
degree o f accuracy fo r  f u r th e r  applications.W hen only  a nominal number 
o f t e s t s  are c a r r ie d  o u t,u n c e r ta in ty  o f w hether the  r e s u l t s  are  above o r 
below an average mean value o f r e l ia b le  p r e d ic ta b i l i ty  a r i s e s . I t  i s  a lso  
c le a r  th a t  experim ental methods and techn iques develop as more d a ta  i s  
c o lle c te d ;o f te n  t e s t  techn iques are improved as th e  experim ental t e s t s  
p rogress and sometimes show th e  o r ig in a l  r e s u l t s  to  be m is lead in g ,o r 
incorrect.H ow ever,w ere i t  no t fo r  th e  o r ig in a l  id eas  no development 
could take  p lace  a t  a l l .
A ll specimen t e s t s  f o r  the  determ ination  o f m echanical 
p ro p e r tie s  have been ,w ith  th e  exception o f th e  to rs io n  test,d ev e lo p m en ts  
from prev ious ideas.T he to rs io n  t e s t  adopting  the s im ple ,w ell t r i e d ,  
method fo r  s te e l  specimens,was found to  have l im ita t io n s  when te s t in g  
p la s t i c s  m a te ria ls  b u t w ith m o d ifica tio n s  gave s a t i f a c to r y  r e s u l t s .
The m anufacturing technique and in c lu s io n  o f  carbon f ib r e  in  
th e  g r id  s tru c tu re  p o in ts  to  a n a tu ra l  development f o r  more complex 
s t r u c tu r a l  arrangements w ith  s im ila r  advantage,and p u rp o se fu lly  to  f u l l  
sca le  cond itions from standard  sub-frame u n i t s .
The code o f  p rac tice ,C P  3*chapter 5 > p t .2 . ,fo r  wind load in g s  
gives l i t t l e  in d ic a tio n  o f the p re ssu re  d is t r ib u t io n  on g eo m etrica lly  
com plicated s tru c tu re s  and i t  i s  th e re fo re  necessary  to  undertake wind 
tu n n e l t e s t s  in  o rder to  o b ta in  a p re ssu re  d is t r ib u t io n  throughout th e
c# .
stru c tu re .T h e  d is t r ib u t io n  found was from a uniform wind speed. I t  i s
0
hovrever u n lik e ly  th a t  th i s  w ill  give .the vjorst wind lo ad in g  co n d itio n ; 
b u f fe tin g  o f the  wind w il l  cause la rg e  lo c a l  load ing  on th e  s tru c tu re *
The t r a n s f e r  by approximate t r ia n g u la r  lo ad in g  fo r  s im u la tion  to  l a r g e ;
sco le  s ta t i c  model i s  a reasonable  ap p ro x im atio n ;it i s  c le a r  th a t  th e  
f in e r  th e  tr ia n g u la r  lo ad in g  mesh th e  n e a re r  w i l l  th e  s tru c tu re  lo ad  
approach to  the  a c tu a l load in g  found from th e  wind tunnel*An improvement
to  the  loading ' arrm gsm ents fo r  th e  wind load ing  on th e  s t a t i c  model
could have been undertaken by having a s e r ie s  o f  p u lle y  wheels f ix e d
0
above the  model,though c le a r ly  t h i s  would have been r a th e r  more 
expensive*
S im ila rly  th e  b a s ic  dome shape adopted has produced 
developments which w il l  give in c reased  s t i f fn e s s ,e a s e  o f  tra n s p o r ta t io n  
and s im p lic ity  o f e re c tio n  fo r  a f u l l  sca le  pro to type.T he b a s ic  c ro ss  
s e c tio n a l p r o f i l e ,a e s th e t ic a l ly  p le a se n t y e t o f s u ita b le  geom etric 
s t i f fn e s s ,h a s  emphasised the  need fo r  r in g  beam a d d itio n  and good 
anchorage-fix ings*
7<?2. Proposed standard  t e s t  p rocedures fo r  m echanical p ro p e r tie s  o f  
re in fo rc ed  p la s t i c s  specimens*
The standard  p roposa ls  developed are shown to  be most 
s a t is f a c to ry  in  the  m anufacture o f  specimens and t e s t  a p p a ra tu s ,in  th e  
use o f e x is tin g ,w e ll e s ta b lish e d ,lo a d in g  apparatus and in  the  t e s t  
procedure invo lved*It i s  c le a r  th a t  the  adoption o f th ese  s tandard  
procedures would-provide a means o f  a rran g in g  re le v a n t d a ta  to  a s s i s t  
the  re sea rc h e r  and designer in  the  p re d ic tio n  o f th e  behaviour o f  th e  
m a te r ia l•F u r th e r , th e ir  in tro d u c tio n  in to  normal la b o ra to ry  t e s t i n g , a t  
U n iv ersity  or C ollege,along  w ith those  fo r  o th e r , t r a d i t io n a l ,m a te r ia l s  
would su re ly  serve to  b r in g  to  th e  n o tic e  o f  s tu d en ts ,an d  d e s ig n e rs ,th e  
advantages o f the m a te r ia l o f  re in fo rc e d  p la s t i c s  and thereby  promote a 
w ider knowledge,and consequently a g re a te r  u s e ,o f  th e  m a te r ia l.
7*2*1. T ensile  t e s t .
This t e s t  has become e s ta b lish e d  in  v arious forms th roughout
many la b o ra to r ie s  u sing  re in fo rc e d  p la s tic s* T e s t r e s u l t s  have however 
v a ried  w ith  m anufacture and load ing  techniques*The "leaky mould" p rocess  
u s in g  a shaped s te e l  mould has been found to  provide a m anufacturing 
method g iv ing  uniform specimens o f c o n s is te n t r e l i a b i l i t y ,  su p erio r to  
those formed by o f f - c u t t in g  from la rg e  sh ee t* F u rth e r,th e  chamfered tab  
end arrangement has g re a tly  in c reased  th e  p ro b a b il i ty -o f  c o rre c t f a i lu r e  
cond itions w ith in  the  t e s t  len g th  o f  th e  specimen*
The use o f  th e  coupled tran sd u ce r extensom eter and an X -  Y 
p lo t t e r  fu r th e r  enhances th e  te s t,th o u g h  due to  the d e l ic a te  n a tu re  o f 
th e  extensom eter i t  i s  ad v isab le  to  d isconnect i t  as f a i lu r e  o f  th e  
specim en'is-approached*A s lid in g  ca rriag e  extensom eter could however be 
adapted to  produce th i s  f a c i l i ty *
From th e  specimens te s te d  i t  i s  seen th a t  th e  m a te r ia l d isp lay s  
"Hookian" behaviour and c le a r ly  the  b e s t type of re in forcem ent fox’ 
t e n s i le  cap ac ity  i s  u n id i r e c t io n a l , in  the  form of stranded  cord .
. . The ad d itio n  o f Type.l* carbon f ib re ,p ro v id e s  no improvement 
in  te n a c ity ,a lth o u g h  had th e  T ype .llo  carbon f ib r e  been used th e re  would 
have been an in c rease  in  th e  u ltim a te  t e n s i le  value o f the  specimen.A 
good bond e x is te d  between the  carbon f ib r e  and g lass  re in fo rcem ent and 
re s in ,a n d  in  some in s ta n c e s ,fo r  th e  carbon f ib r e ,a n  in c re a se  i n  th e  r a t io
o f lo ad  -  ex tension  o f the  specimen was no ticeab le*
7*2*2* F lexure t e s t . -  Four p o in t loading*
This t e s t  i s  a development o f  th e  A.S.T.M. method f o r  advanced 
composite t e s t in g  and w as.found to  be s a t is f a c to ry  fo r  nonnal g la ss  
re in fo rc e d  p la s t ic s ,b u t  o f  doub tfu l value when carbon f ib r e s  W ere p laced
on th e  exti'eme e x te rn a l face o f th e  lam in a te , due to  th e  poor bond
between th e  f ib r e s  and g lass  re in fo rc e d  m atrix*R esu its do in d ic a te  
considerab le  advantage w hile the  carbon f ib i’e remains bonded to  th e  
g lass  re in fo rc ed  laminate*The tendency fo r  crushing' and f r a c tu r in g  o f
th e  carbon f ib re  to  take  p lace  due to  th e  load ing  techn ique gives a 
f a l s e  re su lt .T h e  b a s ic  apparatus i s  l im ite d  to  the t e s t in g  o f  f l a t  
lam inates o f  nominal depth,w hereas i t  i s  seen th a t  th e  type o f  lam inate 
used in  the  f l a t  g r id  s tru c tu re  had nominal w idth b u t la rg e  depth .For 
th i s  l a t t e r  type o f lam inate  a la r g e r  span lo ad in g  i s  necessary  to g e th e r  
w ith  th e  p ro v is io n  o f some l a t e r a l  support to  ensure t ru e  f le x u re  
cap ac ity  o f the  specimen w ithout b u ck ling .
The a p p lic a tio n  o f th e  e la s t i c  th eo ry  to  normal g la ss  
re in fo rc e d  p la s t i c s  lam inates i s  s a t is fa c to ry ,b u t  when co n sid e rin g  th e  
a d d itio n  o f  carbon f ib r e s  to  th e  lam inates t h i s  method i s  not ab le  to  
be used d ire c tly .T h e  fa c to re d  method adopted fo r  th e  c a lc u la tio n  in  
re sp e c t o f th e  g rid  s tru c tu re  p ro v id es a p o s s ib le  answer.
I t  i s  c le a r  th a t  th e  r e s u l t s  must a lso  tak e  in to  account a 
re d u c tio n  fa c to r  fo r  the  p ro b a b i l i ty  le v e l  o f  in te r la m in a r  shear cap ac ity  
e x is t in g  between th e  v a r ia b le  lam ina o f th e  t o t a l  lam in a te .
7.2c5« F lexure t e s t . -  C an tilev e r bend t e s t .
As th is  bend t e s t  has no sharp lo ad in g  e d g e s ,i t  g ives a more 
r e l ia b le  read ing  of th e  d e f le c tio n  under a n ea r pure bending moment 
cond ition  when, carbon f ib r e s  a re  used to  s t i f f e n  a g la ss  re in fo rc e d  
p la s t i c s  la m in a te .l t  i s  f u r th e r  shorn bo th  here  and in  th e  s t r a in  
r e s u l t s  on the  g rid  s tru c tu re  th a t  e x tra  advantage i s  apparen t when th e  
carbon f ib r e  i s  ap p lied  to  the compression fac e .T h is  may be due to  th e  
b e t t e r  in te r la m in a r  adhesion under compressive r a th e r  than  t e n s i l e  
s t r a in ,p a r t i c u la r ly  where a g re a te r  r ig i d i t y  o f  f le x u ra l  le n g th  e x i s t s .
I t  i s  c le a r  th a t  the  method re q u ire s  fu r th e r  development in  
term s o f th e  m easuring device fo r  d e f le c t io n .I f  a v ib ra tio n  f re e  
environment could be a x h ie v e d ,a .simple o p tic a l  m easuring device would 
c le a r ly  provide th e  answ er*Strain gauges used in  con junction  w ith  th e  
t e s t  would a lso  a s s i s t  in  the  de term ina tion  o f the  t ru e  c h a r a c te r is t ic s
o f  th e  specimen®
7®2»4® Torsion t e s t ®
This t e s t  -croce dure xns developed after* i t  "became c lea r  th at  
specimens were not b ein g  subjected  to  a pure shear stress®The method 
proposed uses b a s ic  eouipment a v a ila b le  in  most la b o ra to r ie s ,a n d ,w ith  
the nei7 chuck design , g iv es  r e a l i s t i c  resu lts® It w i l l  be seen  th a t  
in s u f f ic ie n t  t e s t s  have been ca rr ied  out here to c le a r ly  d efin e  the  
r ig id i t y  constant fo r  a p a r tic u la r  lam inate construction®Hov/ever th e  
t e s t  does provide invaluab le means o f  ob ta in in g  the P o isso n ^  r a t io  
constant o f  a laminate®
The lim ite d  t e s t  programme shows an apparent advantage fo r  
the carbon f ib r e  add ition  to  a normal lam inate,but i t  i s  ev id en t th a t  
fu rther te s t in g  i s  needed to  corroborate t h i s  finding®
7«2«5» Interlam inar shear t e s t .
This t e s t  i s  useful- and should be co n sid ered ,in  conjunction  
w ith f le x u r a l c a p a c ity ,in  order to  d efin e the l im ita t io n  o f  th e l a t t e r  
due to  non-homogeneit;/ o f  a lam inate a f te r  delam ination a t any o f  the  
severa l interfaces® T his becomes in c r ea s in g ly  c r i t i c a l  as the number 
o f  in te r fa c e s  in  a t o t a l  lam inate increases®
The t e s t in g  o f  specimens w ith carbon f ib r e  a d d ition  provided  
a c le a r  in d ica tio n  th a t fo r  the t e s t  to  provide a u se fu l r e s u it , t h e  
carbon f ib r e  must l i e  w ith in  the outer lamina to  obviate th e  crush ing  
tendency o f the load in g  edge®
7 >3» Simple grid s tru ctu re®
This type o f  structure i s  w e ll su ite d  to  re in fo rced  p la s t i c s  
m an ufacture,particu larly  i f  the stru ctu re req u ires f u l l  f i x i t y  a t the  
joints®However fo r  larger,m ore com plicated ,geom etrical arrangements the
method would need p atien ce  and an a ccu rate ly  made base form er,both o f  
which can be achieved*Por very la rg e ,ev en  f u l l  s iz e ,s tr u c tu r e s  th e  
method can s t i l l  be employed,but would require r e p e t it io n  o f  u n it  
elem ents which could then be b o lted  or epoxy-glued together®A fu rth er  
development to  double or m u lti- la y er  constru ction  could s im ila r ly  be 
achieved*This la t t e r  has a d ir e c t  a p p lica tio n  to  f lo o r  and ro o f  
structures*
C learly  th is  research has shown an e x c e lle n t  a p p lic a tio n  o f  
the inexpensive u n id ir e c tio n a l g la ss  cord rein forcem ent,and ,w ith  the  
in trod u ction  o f  nominal amounts o f  high modulus carbon f ib r e s ,c a n  produce 
a r o b u st,s tiff ,co n stru c tio n * T h e  form o f  con stru ction  i s  seen to  be 
su ita b le  to  an e la s t ic ,m a tr ix  a n a ly s is  and w ithout d ou bt,for  la r g er  
stru ctu res fo llo w in g  a sk e le ta l c o n fig u ra tio n ,to  computer ap p lica tion *
A s im ila r  m anufacturing method fo r  c i r c u la r  tube o r  
p a rab o lo id  shape,but adopting a wax former could produce s im ila r  
e f fe c tiv e  models fo r  re se a rc h ,th e  wax being desolved and removed a f t e r  
manufacture and cure*A gain ,glass cord reinforcem ent and nominal carbon 
f ib r e s  could lead  to  th e  form ation o f a most su ita b le  s tru c tu re  fo r  
te s tin g * P re d ic ta b le  design could be checked by computer so lu tion*
7*if* -YTind tunnel t e s t in g *
There i s  l i t t l e  doubt o f  the u se fu ln ess  o f  t h is  form o f  
t e s t in g  sin ce  p r a c t ic a lly  a l l  c i v i l  engineering stru ctu res  are su b ject  
to  wind loading*This i s  p a r t ic u la r ly  true fo r  the ty p ic a l  low r i s e  
domical structure adopted where i t  has been shown th a t a l l  p ressu res  on 
the surface are suction*Due to  the lig h tw eig h t o f the m a te r ia l,tr a d it io n a l  
design  using a l l  over grav ity  load in g  would have proved t o t a l ly  inadequate  
sin ce  no account would have been considered fo r  anchorage f ix in g s ,w h ich  
fo r  th is  type o f  structure are obviou sly  o f  paramount importance*
The adoption o f  the m u lti-tu b e manometer would have allow ed
further hyperdermic pressure mountings on the dome su rface,a lthou gh  the  
a b i l i t y  to  ro ta te  the base board through 120°did a llow  an almost t o t a l  
coverage o f  surface position*T he aglom eration o f hyperdermic tubing in  
no va*y a l t e r e d  o r  d i s t o r t e d  th e  o r e s sure co n d itio n s , and, as seen  i n  th e  
r e s u lt s ,th e  case .3® ,roughened surface,m atched very c lo s e ly  the normal 
open sid e condition  o f  case * 2 * ,thus n u ll ify in g  the doubts o f  surface  
separation  and fa ls e  pressure reading*
The a b i l i t y  to  provide a pressure for  the surface enables a 
much more r e a l i s t i c  appro.ach to  design con d ition s d esp ite  the known 
lim ita tio n s-o f-w in d 'tu n n e l t e s t in g  due to  sca le  factor*
Wind tunnel t e s t in g  w i l l  qu ite ev id en tly  become a fea tu re  o f  
a l l  fu ture research t e s t in g  fo r  stru ctu res as being a very convenient 
and powerful means for  determ ination o f  pressure conditions,and ,m ore  
d ir e c t ly ,th e  change o f  pressure and r e la t iv e  pressure over the surface*  
The adoption o f  computer a n a ly s is  fo r  the ra n^y readings  
obtained during the t e s t in g  g rea tly  f a c i l i t a t e d  the a p p lica tio n  o f  wind 
tunnel use to  surface pressure p lo t t in g  fo r  the model and i t s  adaption  
to  s t a t i c  model t e s t .
7*5* Shallow domical stru ctu res -  la rg e  diameter s t a t ic  models*
This type o f  stru ctu re  has s ig n if ic a n t  a p p lic a tio n  in  
rein forced  p la s t ic s ,b o th  norm ally w ith g la ss  reinforcem ent and p o s s ib ly  
w ith the in c lu s io n  o f  carbon f ib r e  in  nominal proportion.The s t i f f n e s s  
obtained geom etrica lly  s a t i s f i e s  the low modulus m ateria l p r o p e r tie s  o f  
g la ss  re in forced  p la stic s* F u rth er  the b a s ic  membrane a c tio n  and c ir c u la r  
r in g  beam produce simple d ir e c t s tr e s s  fu n ction s appropriate to  th e  
m aterial* •
In as much as the su ction  lo a d in g ,o fte n  occurring due to  
w ind,placed the s h e ll  structure in  ten sion ,an d  since the use o f  carbon 
f ib r e  has been seen to  have e x tr a .advantage on the compression fa c e ,
carbon f ib r e  could u s e fu lly  be employed on the in ter n a l su rface .T h is  
a d d itio n a l s t i f f n e s s  due to  composite a c tio n  could p o ss ib ly  a llow  greater  
diam etric s iz e  fo r  the use o f  a comparable g la ss  lam inate th ick n e ss .
The large  diameter s t a t i c  model i s  the most appropriate form 
o f  v isu a l te stin g .W ith  the adoption o f  the u n it area tr ia n g u la tio n  fo r  
both g rav ity  load in g  and th e s im p lif ie d  sim ulated wind load in g  i t  i s  
capable o f  providing a u se fu l design  resu it.T h e  la rg e  s t a t ic  m od el,d esp ite  
i t s  length y  manufacture,need fo r  a strong t e s t  frame and ted io u s  load in g  
arrangem ents,is not only  capable o f  showing deform ation,but w ith  s tr a in  
gauges attached and e le c t r ic a l ly  connected to  a data lo g g er  a lso  able to  
provide s tr a in  and hence s tr e s s  determ ination.
The major requirement fo r  such a model i s  th a t i t  w i l l  be 
su ita b ly  f le x ib le  in  order th a t deformation may be reasonably measured, 
y e t s t i f f  enough to  secure i t  from co lla p se  under load .F urth er the  
manufacture must be co n s isten t throughout,true to  p r o f i le  and in  every  
way conform to  the prototype en v isa g ed ,in c lu d in g  the mode o f  manufacture 
and erected  condition  o f  th a t la tter .T h e  10f t ®,(2540 mm), diam eter dome 
has been seen to  be large  enough fo r  u se fu l deformation c h a r a c te r is t ic s ,  
y e t  s t i l l  o f  a convenient s iz e  fo r  manufacture and handling.
7.5*1* Gravity loading*
This primary type o f  load in g  i s  th e e a s ie s t  to  perform and 
the most simple to  provide fo r  a n a ly t ic a lly ,b o th  by normal membrane 
theory and computer programme an a lysis .T h e f u l l  surface lo a d in g  co n d ition  
apart from being ap p licab le  to  s e l f  w eight,snow  load  and o th er  hanging 
loads on the su r fa ce ,a ffo rd s  a sim ple method o f  checking th e  homogeneity 
o f the manufacture by both deformation and s tr e s s  e q u a lity  fo r  s im ila r  
p o s it io n s  on the dome su rface.
Experim entally the uniform gra v ity  load in g  con d ition  proved  
a most u se fu l t e s t  p r io r  to  undertaking the research o f  s im u latin g  wind
con d ition s on the s t a t ic  model*The a n a ly tica l, methods, p a r t ic u la r ly  the  
computer programme,served as a comparison fo r  th ese  results«T he  
membrane theory an alysis,now  considered as a tr a d it io n a l method,was used  
only fo r  t h is  t e s t  and then only as a check ca lcu la tion *
The h a lf  surface lo a d in g  i s  considered to  be th e  tr a d it io n a l  
assumption fo r  wind load in g ,and  as such t h is  t e s t  was undertaken*It 
formed a comparison w ith  the wind tunnel methods,which fo r  the  
geom etrica lly  s im ila r  model provides a more r e a l i s t i c  pressure  
d istr ib u tio n *
The environmental co n d ition s p r e v a ilin g  during the p eriod  o f  
the t e s t  in d ica ted  reduction  o f  stru c tu ra l s t a b i l i t y  at e lev a ted  
temperature showing a need to  a llow  a s a fe ty  fa c to r  in  d esign  fo r  such 
emergency® ,
V/ith the more than reasonable, com parison'of a n a ly b ica l and 
experimented r e s u lt s  and adopting a fa c to r  o f  sa fe ty  o f  between 5 and 10 , 
a u se fu l s tr e s s  p red ic tio n  o f  s tr e s s  parameters could be expected f l ‘om 
the computer a n a ly s is  fo r  fu rth er  s im ila r  con stru ction s up to  f u l l  sc a le  
size*D isplacem ent c h a r a c te r is t ic s  however seem to  be b e t t e r  su ite d  to  
the experim ental form o f  research  p r e d ic tio n  due to  c er ta in  l im ita t io n  
e f f e c t s  o f  th e programme to  t h i s  f a c i l i t y *
7«5»2* Simulated wind loading®
The adoption o f  the wind tu n n e l,th e  development o f  the  
r o ta tin g  base board and the use o f  the computer a n a ly s is 'h a s  in troduced  
a new method o f  provid ing a r e a l i s t i c  view  o f  pressure d is tr ib u t io n  over  
a stru ctu ra l surface*The a p p lica tio n  to  u n it load in g  area on th e  s t a t i c  
t e s t  model has a lso  proved i t s  worth in  g iv in g  fo r  the f i r s t  tim e an 
experim ental demonstration o f  advanced technique fo r  wind sim ulation*
The experim ental r e s u lt s  obtained c le a r ly  ensure a more n atu ra l approach 
to  design in  the m ateria l o f  re in fo rced  p la s t ic s  and in d ic a te  th a t the
a n a ly t ic a l so lu tio n  could u s e fu lly  be adopted s in ce  most r e s u lt s  e ith e r  
overestim ated ,or were equ ivalen t to ,th o se  va lues deduced by experim ent.
Displacement by a n a ly t ic a l so lu tio n  again appears to  show 
th a t the experim ental method by s t a t ic  model g ives a c lea r e r  in d ic a tio n  
o f  the deformation con d itions fo r  the structure.H owever the two methods 
should be considered in  complementary ra th er  than supplementary terms 
sin ce  in  general they provide a b a s ic  checking f a c i l i t y  to  each o th er .
The assumption used in  transform ing the b a s ic  s h e l l  to  a s k e le ta l  
con figu ration  and thence to  panel continuum appears to  be q u ite  
reasonable and c e r ta in ly  v a lid  fo r  design  p u rp o ses ,p a r ticu la r ly  s in ce  
fo r  th e f u l l  sca le  structure o f  la rg e  d ia m eter ,in ev ita b ly  b u i l t  in  
s e c t io n s ,a  b a s ic  sk e leton  would occur.
7 .6 .  F u rther re search  development fo r  g lass  and g lass /ca rb o n  f ib r e  
re in fo rc e d  p la s t i c s  s tru c tu re s .
I t  i s  c le a r  th a t a research  programme i s  n ecessary  to  
e s ta b lis h  the mechanical p ro p er tie s  o f  p la s t ic s  and to  promote such 
t e s t s  as standard m ethods,for there i s  no doubt as to  th e ir  v a lu e .
The in d ic a tio n s  shown in  the t e s t in g  o f  sim ple f l a t  gr id  
s tr u c tu r e s ,p a r tic u la r ly  w ith  th e in c lu s io n  o f  carbon fibre,m akes i t  
p la in  th a t larger,m ore complex systems should be manufactured and t e s te d .  
D iagonal, composite tr ia n g u la ted  and hexagonal gr ids may a l l  be con stru cted  
by s im ila r  means to  those o f  th e b a s ic  square grid  as te s ted .D ev e lo p in g  
a stage to  non -lin ear forms such as the domical or b a r r e l-v a u lt  g r id  
stru ctu re  could show fu rth er  advantage fo r  g la s s  and carbon f ib r e  
combination.The form ation o f  c ir c u la r  or paraboloid  shapes len d  th em selves  
r e s p e c t iv e ly  to  masts or pylons and la t t e r ly  fo r  ro o f or water c o o lin g  .. 
tower structure s . B asic t e s t in g  in  th is  f i e l d  w ith  carbon f ib r e  a d d itio n  
has already le d  the author to  design  the f i r s t  gLass/carbon f ib r e  m asts 
fo r  an ocean going yacht,w hich to  date have performed e x c e lle n t ly .A
.sim ilar expression  o f  design i s  th a t o f  the chimney provided th a t  
su ita b le  f i r e  r e s is ta n t  f i l l e r s  are employed.This la t t e r  i s  soon to  be 
adopted by cer ta in  a u th o r it ie s  fo r  the major upper p o rtio n  o f  fr e e  
standing f lu e s .
For the domical con stru ction  pursued in  t h is  research  i t  i s
€
su rely  apparent th a t other r is e  to  span r a t io s  should be proceeded w ith . 
These could be both shallow  and thence ranging to  th e  f u l l  hemisphere 
such th at wind tunnel methods form ulated may be e x p lo ited  f u l l y  and 
r e a l i s t i c  wind pressure d is tr ib u tio n s  determined®
P a r a lle l to  the above and perhaps o f  more immediate in t e r e s t ,  
research  on the in trod u ction  o f  s t i f f e n in g  d ev ices to  the s h e l l  s tru ctu r  
should be a ttem p ted ,e ith er  by geometry fand/or the in c lu s io n  o f  nominal 
carbon f ib r e  grid .
Research t e s t in g  u sin g  geometric s t i f f e n in g  i s  to  be pursued  
in  accordance w ith  the d e ta i l  shown in  FIG-.136.Thus by th e  a d d itio n  o f  
sca llo p  form ation on the b a s ic  s h e l l  r i s e  to  span r a t io  a lready te s te d .  
This la t t e r  has already been achieved in  th a t the o r ig in a l p la s te r  
m ould,rather than being used fo r  a s in g le  a p p lica tio n  on ly  has had the  
ad d ition s formed and a fu rth er  master mould taken o ff .G eo m etr ica lly  
sim ila r  ad d ition s have a lso  been manufactured and moulded fo r  the wind 
tunnel model.A new model s h e l l  fo r  t h is  la t t e r  has now been formed and 
se t  on the e x is t in g  model s id e  frame and i s  ready fo r  t e s t in g .
With the large  diam eter s t a t ic  mould a lso  now a v a ila b le ,  
although as y e t  in  fem ale form, and req u ir in g  the obverse male mould 
s t i l l  to  be taken o f f  p r io r  to  c a st in g  the se c tio n s  fo r  the manufacture 
o f  the la rg e  m odel.A fter to t a l  m anufacture,including r e v is io n s  and 
developments to  the t e s t  frame support,the research programme i s  to  
fo llo w  th a t as la id  out in  t h is  t h e s is  and intended as the su b ject , o f  
a paper to  be given at the next in ter n a tio n a l symposium on re in fo rced  
p la s t ic s ,a s  a b a s is  fo r  p red ic ta b le  d esign . . . >'
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The i n i t i a l  dome model could a lso  be reused adopting a nominal 
carbon fib r e  gr id ,p la ced  on the in ter n a l face.Carbon f ib r e  in c lu s io n  
could a lso  be la t e r  app lied  -to the sca llo p  v a lle y s  to  observe the
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’BEGIN "COMMENT ’ THIS PROGRAM DETERMINES THF COFFFTGIFNTS OF
WIND PRFSSUBF FOP A MODFL DOMF HAVING A 1 TO 6 RISE 
TO SPAN RATIO. THE THPFF CONDITIONS TESTED APE FOR 
CLOSED SIDES, OPEN SIDES AMD OPEN SIDES WITH 
ROUGHENED DOME SURFACE. ANGULAR DISPLACEMENT ZERO 
FOR LINE. 1 OF PRESSURE POINTS IN LINE WITH LONG­
ITUDINAL AXIS OF TUNNEL . NEGATIVE DISPLACEMENTS . 
FOR CLOCKWISE ROTATION FROM ZERO LINE. ANGULAR 
DISPLACEMENTS AT 15 DEGREE INTERVALS FROM -60 TO 
60 DEGREES ;
’INTEGER ’ N .1 ,J .THETA .CASE ;
'REAL* BETZ .VFPS .VMPH ,VMPS ,RHO ,VSQ ,Y ;
'ARRAY ’ A[ 1: 1 1, 1 : 15] . K[ 1 : 11] ;
WRITETEXT (’ ( "  ( ’ P PC 5S ’) 'PRESSUPFKcCOEFFICTENTS ’( ' PC PS 
')'N’(' ms ')’BETZ ’(' 10S ')'VFPS ’(' 10S ’)'VMPH 
' ( ' 10S ') ’ VMPS '( ’ 10S ') *KN *( ' PC ’)” )');
R H O := P.37R*10t(-3);
'FOR' N : = 1 'STEP' 1 'UNTIL' 11 'DO'
'BEGIN ’ BETZ :=READ ; VFPS :=66, 13*SC)RT (BETZ );
VMPH:=VFPS*60/RR; VMPS :=VFPS*0. 3 04R;
VSG : = VFPStP; K[N]:= 0. 5*-RH0 *VSQ ;
PRINT (N ,7,0) ;
'FOR ' Y :=BETZ ,VFPS ,VMPH ,VMPS ,K[ Nl *D0 ’
PRINT (Y ,R.3) ; NEWLINE ( ? )
'END';
PAPERTHROW; 'FOR’ CASE:= 1.P.3 'DO*
'BEGIN* WRITETEXT (’( " ( '  PC ’) 'CASE ’)’) ; PRINT (CASE , 1, 0) : 
NEWLINE (P);
'FOR' THETA:= -60 'STEP' 15 'UNTIL* 60 'DO'
'BEGIN ' WPITETEXT (’('THETA ’}'); PRINT(THETA ,3,0) ;
NEWLINE (P) ; 'IF* CASE «*■ 3 'THEN'
'BEGIN " F O R ’ I 2, d ,  5, 6, R, 1 0. 1 1 'DO' PRINT (I ,7.0) ; 
NEWLINE(P);
'FOR' J : = 1 'STEP' 1 'UNTIL* 15 'DO'
'BEGIN' S P A C E (3); 'FOR* I:= P.4.5.6,R. 1 0, 1 1 'DO'
'BEGIN ’ A [I ,J ] :=PEAD ;
A[I ,J] :=(A[ I,J]~K[I] )/K[I] ;
PRINT (A[I ,J] ,3. 3)
'END ’ ; NEWLINE ( ? )
'END'; PAPERTHROW; NEWLINE ( ? )
'END* 'ELSE'
'BEGIN " F O R  ’ I := 1 'STEP ' 1 'UNTIL* 11 'DO*
PRINT (1,7,0); NEWLINE (P);
'FOR ' J := 1 'STEP ' 1 'UNTIL ' 15 'DO '
'BEGIN ’ S P A C E (3) ;
'FOR ’ I := 1 'STEP ' 1 'UNTIL* 11 'DO ’
'BEGIN ' A [I ,J] : =READ ;
A[I,J] : = ( A[ I , J ]-K{ I] )/K[l] ;
PRINT (A[I ,J] ,3.3)
'END'; NEWLINE ( ? )
’.END V; PAPERTHROW ; NEWLINE ( ? )
'END ’
'END ’ OF THETA .
'END ’ OF CASE 
'END ’;
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’BEGIN "PROCEDURE * DATAREAD (A ,B ,C ,S ) ; 'INTEGER *’ARRAY * A ,B ;
’INTEGER * C ,S ;
'BEGIN "INTEGER * D ,E ,F ,G ,1 ,J ;
'FOR* I:* 1 'STEP* 1 'UNTIL* C 'DO*
'BEGIN* D :=— 1 ; 'FOR' J:= 1.J+1 'WHILE* J>0 *DO * 
'BEGIN* E : *READ ; 'IF* E>10000 'THEN " G O T O  * OUT; 
F : =READ ; G:=E-S; *IF* E<D 'THEN '
'BEGIN ' A[G] :=E ; B[G.1 + 1] :=F; 'GOTO'AGAIN 
'END * 'ELSE '
'BEGIN * A[G] :=E ; B[G .1] :=F ; D:=E 
'END '
'END ' ; AGAIN :
'END '; OUT :
'END ';
'PROCEDURE * DATAPRINT(A ,B ,C ) ; 'VALUE * C ; 'INTEGER "ARRAY  
A , B ; 'INTEGER ' C ;
'BEGIN "INTEGER ’ D ,E tF .G ,I,J ,K ; 'BOOLEAN * Z ;
Z :=C >12; D;=*IF' Z 'THEN* 12 'ELSE* C;
E:= 'IF* Z 'THEN* 2 'ELSE * 1;
'FOR* I : = 1 'STEP* 1 'UNTIL* E *DO *
'BEGIN * WRITETEXT (* ('GAUGE *( *9S *} 'STRAINHEADINGS 
' ( ' 2C ')")') ;
F:« *IF ' 1*1 'THEN* 1 'ELSE* 13;
G : * 'IF * 1=1 'THEN* D 'ELSE* C;
'FOR' J : = 0 'STEP * 1 'UNTIL* 99 *DO *
'BEGIN* PRINT (A[J] ,3, 0) ; S P A C E (6);
'FOR' K : = F 'STEP' 1 'UNTIL* G 'DO*
PRINT (B[J ,K] ,5,0); NEWLINE(1)
'END'; 'IF* Z 'THEN* PAPERTHROW 
'END "END*;
'PROCEDURE ' ADJUST(A,B.C ); 'INTEGER "ARRAY ' A ;
'INTEGER ' B .C ;
'BEGIN "INTEGER ' I ,J ;
'FOR' I : = 0 'STEP* 1 'UNTIL * 99 *00 '
'FOR' J : = B 'STEP* 1 'UNTIL* C *D0 *
'IF' ABS (A[I ,J] )<1000 'THEN*
A[I ,J] := A[I ,J] * 10
'END *;
'PROCEDURE' TITLE (K.N); 'REAL* K; 'INTEGER* N;
'BEGIN "INTEGER * B ,C „F ,1 ,Y ; 'REAL ' A >D ,E ,G *H ,J ,M ;
A j =K /10. Ot'6 ;■ B:=ENTIER(A); C:= B*100; 
D:=A*100; E;=D-C; F : =ENTIER (E ) ; G : =E-F ;
H :=G *100; I : =ENTIER (H ); J : =H -I ; M:=J*100;
Y :*70+N;
WRITETEXT('('DATE')'); PRINT(F,2.0) ;
WRITETEXT('(*/')•); PRINT(I . 1.0) ;
WRITETEXT('(’/')') ; PRINT (Y .2.0) ; SPACE (5); 
'IF ’ B =4 'THEN '
'BEGIN ' WRITETEXT ('('LOAD'(*5S *)")•) ;
PRINT(M,2,2) ;
WRITETEXT (*(*KG ') *) ; 'GOTO ' OUT
'END ';
'IF' B =2 'THEN '
'BEGIN' WRITETEXT ('(*LOAD%ON')*); 'GOTO* OUT 'END* 
'IF ' B =3 'THEN '
'BEGIN' WRITETEXT (’( ' O F F L O A D ')') ; 'GOTO* OUT 'END 
WRITETEXT (*( * CREEP VoAFTER *)'); PRINT (M ,2. 2) ; 
'IF* B=1 'THEN* WRITETEXT('('DAYS')*) 'ELSE* 
WRITETEXT {'(°HRS*)'); OUT:
'END ';
’INTEGER • A ,B ,C .CASES ,D .EX .EY .EZ .GS .1 ,J .K ,PT ,T .TYPE ,V.; 
•REAL * DIV .EP ,EQ ,G ,H .KEY .MOD ,P ,PI ,PP .PQ ,Q .R .SIG .THETP . 
THETQ ;
•INTEGER*•ARRAY * GAUGE[0:99];
T :=READ; PT :=READ; CASES :=READ; GS:=READ;
'BEGIN’’I N TEGER’’ARRAY ’ STRAIN[0:99. 1:CASES] :
•FOR* I := 0 ’STEP * 1 ’UNTIL * 99 *D0 ’
’BEGIN * GAUGE [I] :*=0;
’FOR* J := 1 ’STEP* 1 ’UNTIL* CASES *D0 *
STRAIN[I ,J] : = 0
*END *;
WRITETEXT(*(**(*P2C*)’TAPE •)*); PRINT(T .2.0) ;
NEWLINE(2):
TYPE : = * IF ’ T <8 ’THEN* 1 ’ELSE* *IF* T<21 ’THEN* 2 
'ELSE* 3:
DATAREAD (GAUGE.STRAIN.CASES,GS };
*IF* T = 15 ’THEN* ADJUST (STRAIN.10. 14);
’IF* T =16 'THEN* ’BEGIN* AD JUST (STRAIN , 1. 1) j
ADJUST(STRAIN.5.17)
’END*;
* IF * T =17 ’THEN* ADJUST (STRAIN , 1. 15) :
*IF * T =18 ’T H E N ’ ADJUST (STRAIN , 1. 1)•
DATAPRINT (GAUGE .STRAIN .CASES );
M O D :=0.007; PI:* 4*ARCTAN(1); SIG:=0.3; DIV:*0.91;
C :=READ ; V : =READ; D : =READ :
*IF * TYPE = 1 ’THEN * WRITETEXT(•(**(*P2C20S*)*GRAVITY%
LOADING *)* ) 'ELSE *
'BEGIN * WRITETEXT C (* *(*P 2C20S *)’CASE *)*): PRINT (C .2. 0) : 
WRITETEXT (*(*•(*10S*)'VEL.*)*): PRINT (V .3,0) ; 
WRITETEXT (* ( *M ,P .H .* ( * 10S *) ’ * ) *) : PRINT (D .2. 0) : 
WRITETEXT C( ’DEGREES’)’ )
*END*;
’FOR* J:= 2 ’STEP* 1 ’UNTIL * CASES *D0 *
'BEGIN * * IF * J =2 'THEN * WRITETEXT (*(*’(*4C10S •)*•)*) 'ELSE*
WRITETEXT (’(*•(*P2C10S *)•*)•) :
KEY :=READ ; TITLE (KEY .TYPE ); NEWLINE(2) :
WRITETEXT C('GAUGE *(* 12S *) *EX *( *8S ’)’EY *( *8S *) *EZ 
*(*7S*)*EP *(*7S *)*EQ*(* 8 S *)*PP *( * 8 S ’)*PQ 
*( *6S’)’THETPm%%%THETQ *( *2C •)**)•) :
’ ’FOR * I : = 0 'STEP * 3 'UNTIL* 45,50 'STEP* 3 'UNTIL * 
95 'DO '
’BEGIN* PRINT (GAUGE[I] .3.0): SPACE(5):
’FOR * K := 1.J ’DO *
’BEGIN* A : =ABS(STRAIN[I ,K] ): B :=ABS(STRAINfI+1 ,K ] ):
C : =ABS (STRAIN[ I +2.K] );
'IF* A>9000 ’O R ’ B>9000*0R ’ C>9000 ’THEN* 
’BEGIN* WRITETEXT (’ ('SET HflCONTAINS F A U L T Y  HSGAUGE 
*( ’C *)” )*) : ’GOTO * NEXT
’END *:
'IF* A = 0 *0R* B = 0 *0R* Ct=0 ’THEN *
’BEGIN * WRITETEXT (*(*READING%MISSING%FROM%
o r i g i nAl %t a p e ’(*c *)” )’): 'g o t o * n e x t
’END *
’END’;
i1
EX :=STRAIN[I,J] - STRAINfI.1];
E2 :=STRAIN[ 1+1, J] - STRAIN[ 1+1,1] ;
EV :=STRAIN[I+2,J ] - STRAINfI+2. 1] ;
* IF * E2 =0 ’T H E N *
’BEGIN* EP :=EX ; EQ:*=EY; THETP :=0.0: THETQ :=90.0 
’END * ’ELSE *
'BEGIN* P:=H+Y; Q:=EX-EY; R:=2*EZ-P;
EPs=P/2 + SORT (Q*Q 4R*R )/2:
EQ:*=P/2 - SGRT (Q *Q-tf*R )/2;
*IF * ABS(Q )<0.001 ’T H E N ’
’BEGIN* T H E T P :=45.0; THETG : = 135.0; ’GOTO ’ AA 
’END*;
G:=R/Q; H : =ARCTAN (ABS (G ))*90/PI ;
THETP : = ’I F ’ G>0.0 ’THEN* H ’ELSE * 90. 0-H j 
THETQ := THETP + 90.0
’END*;
AA: PP :=MOD*(EP+SIG*EQ )/DIV;
PQ :«=MOD*(EQ-+5IG*EP )/DIV;
’FOR * A : = EX ,EY ,EZ *D0 * PRINT (A ,7. 0) ;
’FOR * G := EP ,EQ *DO* PRINT(G.4.2) ;
’FOR ’ G := PP,PQ *DO ’ PRINT(G.2.4) ;
’FOR* G : = THETP .THETQ *D0* PRINT (G .3. 3) ;
NEWLINE(1);
NEXT: ’END*
’END *
’END*
'END *;
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PROCEDURE* DOMELIST (AA ,BB ); ’INTEGER **ARRAY * AA ; ’ARRAY* BB ; 
'BEGIN’’INTEGER * A ,B ,C ,D ,E ,F ,G ,H ,1 ,J ,K ,M ,N ;
’REAL ’ P ,Q ,R ,S ,T ,U ,V ,W ; ’BOOLEAN ’ X ,Y ;
N s = 0; ’F O R ’ I : = 1 ’S T E P ’ 1 ’UNTIL* 12 *DO ’
’BEGIN* E ,:=22*I-11; M:=E+3; 'FOR* A: = 1.2.3.4 ’DO*
’BEGIN * K :=*IF * 1 = 1 ’T H E N ’ 0 ’ELSE ” IF * 1=2 ’THEN*
2*A — 17 ’ELSE* A — 12; ’FOR' B: = 1,2 'DO*
’BEGIN* X :=A*B = 1; Y:=2*A+B=4; C: = *IF* 1 = 1 ’T H E N ’
B*(A + l)-2 ’E L S E ’ A*B-1; *IF * X ’THEN*
C:=C+1; D:=3“B; *IF * 1 = 1 ’THEN*
.’BEGIN* F s=(A*(A-1)+4)/D ; G s =(A*(A+2*B -3)+7~B )/D 
’END ’’ELSE ’
.’BEGIN ’ F s = ( (A-l)*(A-2)+E+B )/D;
G : = ( (A+B -2)*(A+B-3)+M )/D 
’END*; ’F O R ’ H:= 1 ’STEP ’ 1 ’UNTIL* C *DO *
’BEGIN* N : =N +1; J: = ’lF* H = 1 ’THEN* K ’ELSE* 0;
AA[N ,1] : = (F+H-1)’/ ’B-hJ ;
AA[ N ,2] :=(G+H — 1) */*B ;
AA[ N ,3] :=B ; 'IF * X ’THEN*
’BEGIN * AA[N .2] :=AA[N .2] -1; *IF * 1 = 1 ’THEN*
AA[N .1] : =AA[N ,1] -1 
’END *; *IF ’ Y ’AND ’ H = 1 ’THEN ’ AA[N, 1] : =
AA[N ,1] -(’IF ' 1 = 1 ’THEN * 1 ’ELSE* J)
’END " E N D  " E N D  "END ';
N : = 0 ; P :=ARCTAN (0.-75)/4; R:=2.54; Q : =4*ARCTAM (1) ;
S : =Q /12; ’FOR* I:= 1 ’STEP* 1 ’UNTIL* 12 'DO ’
'BEGIN* E s=I-7; ’FOR* A: = 1,2,3.4.5 *DO *
'BEGIN* F ; = ’ IF ' A = 1 ’THEN* 2 ’ELSE* A; G:=F-1;
B : = * IF 1 = 1 ’THEN* F ’ELSE* G;
T : = ’ IF * A = 1 ’THEN* 0.04 ’ELSE ’ P *( A -1) ;
U:=S/G; V:='lF* 1 = 1 ’T H E N ’ S*E-U ’ELSE* S *£ ;
'FOR* C := 1 ’STEP* 1 ’UNTIL* B *DO *
BB[ N ,2] : =—R *COS (W )*SIN (T );
BB[N .3] :=R -^OS (T )
’E N D ’’E N D ’’END " END ’ OF DOMELIST;
PROCEDURE’ PANELNO (AA ); ’INTEGER *’ARRAY ' AA ;
’BEGIN "INTEGER ’ A ,B ,C ,D ,E ,F ,G .J .K ,N ,P.Q ,R ,S ; N:=0;
’FOR* S := 1 ’STEP* 1 ’U N T I L ’ 12 *D0 *
’BEGIN " F O R  ' A : = 1.2.3.4 ’D O ’
'BEGIN * J : = ’IF ’ S = 1 ’THEN* 0 ’ELSE * *IF * S =2 
’THEN* 3*A-28 ’ELSE* 2*A-24;
G s = ( 9—A )' / * 3 ; ’FOR* B:= 1 ’STEP* 1 ’UNTIL* G *DO
'BEGIN * ’IF ' S = 1 ’THEN *
’BEGIN* D :=( 3*A-1+B )*(A+B-2)/2+2;
'END "ELSE '
'BEGIN* D :=A*(3*A+4*B-9)/2+23*S-17; •
E :=D+A*(B-l) + 2-B ; F ; =D +A*( 3” B )+B — 1 
’END '; ’FOR * C 5 = 1 'STEP ' 1 ’UNTIL ’ A *DO *
’BEGIN ’ P :=D+( 3-3 )*(C-1) ; Q :=E +2*(C— 1) ;
R 5 =F +B *(C — 1) ; K := *IF ' C = 1 'AND* B = 1
’THEN ’ J ’ELSE ' 0; N 5 =N +1 ;
AA[ N , 1] :=P -+K ; AA[N,2] i=Q ;
AA[N ,3] : = *IF ’ A =4 ’THEN * 0 ’ELSE * R ;
AA[ N ,4] :=B 
’END "END " E N D  " E N D  " E N D ’ OF PANELNO;
PROCEDURE * TRIMUL (A ,B ,C ,D ,MA ,NA ,NB ,NC J; 'VALUE ' MA ,NA ,NB ,NC ; 
'ARRAY ' A ,B ,C ,D ; * INTEGER ’ MA ,NA ,NB ,NC ;
’BEGIN "INTEGER * H ,1 .J ,K-; 'REAL ’ X ;
'FOR * I : = 1 'STEP' 1 ’U N T I L ’ MA 'DO*
’FOR* J:= 1 'STEP’ 1 ’UNTIL * NC 'DO'
'BEGIN ' X :=0. 0; *F0R’ K: = 1 'STEP * 1 ’UNTIL ’ MB 'DO'
'FOR* H : = 1 'STEP ’ 1 ’UNTIL* NA 'DO ’
X :=X +A[ I ,l-l] *8[ H ,K ] *C[ K ,J] ; D[I,J]:=X 
'END"END * OF TRIMUL ; .
PROCEDURE *■ STRESS (A ,B ,T ,H ,J ,M ); * VALUE * T ,H .J ,M ; 'ARRAY* A;
'INTEGER "ARRAY ’ B; 'INTEGER* T; ’REAL* H .J .M ;
’BEGIN "INTEGER ’ G .1 ; ’REAL * K ,P ,G ,R ,S ,U ,V .W ,X ,Y ,Z ;■
’ARRAY ’ C[ 1:4,1:3] , D [ 1:3,1:43 . E,F[ 1:3,1:1] ;
CLEAR (C ,4,3); CLEAR (D ,3.4); P :=4*ARCTAN (1) ;
G :=3~2*B[T ,4] ; C [ 3,2] :=-G*SIN(J ); C[ 4, 1] :=C[ 4,2] : = 
G*SIN (J ); C[ 1,2] :=C[2.1] :=CGS (J ); C[ 2.2] :=-C[ 1.2] ;
C[ 1, 3] :«1. 0; D[ 2, 4] :=D[ 3. 2] s=G*H ; D[ 1.2] :=H*COS (J )
/SIN (J ); D[ 1,1] : —D [ 1,2] *2; K :=D[ 1, 2] *0[ 2. 4] *G ;
'FOR * I : = 1.2.3 ’D O ’ F[I .1] := *IF * B[T ,1] =0 'THEN ’ 0. 0 
'ELSE ' -A[B[T .1] ,1] *500; * I F * G = - 1  'THEN*
’BEGIN * Z :=F[ 1. 1] ; F[ 1. 1] :=F[ 2. 1] ; F[ 2. 1] :=F[ 3. 1] ;
F[ 3. 1] :=Z
’END*;
TRIMUL (D.C fF,E ,3.4. 3. 1) ; CLEAR (C . 4. 3) ; CLEAR (D . 3. 4) ;
C[ 1. 1] :=C[ 2.2] :=D[ 1, 1] :=D[ 3. 2] :=1. 0;
C[ 2. 1] :=C[ 1, 2] :=M ;
D[ 1, 2] :=D[ 3, 1] :=— M ; C[ 3. 3] : =( 1-M )/2 ; D[ 2, 3] : = ( 1+M )*2 ; 
TRIMUL (C.D.E.F,3,3.3. 1) :
’FOR* I : = 1, 2, 3 ’DO* F[ I . 1] :=F[ I , 1] M / (  1-M *M );
Q :=F[ 1. 1] ; R s=F[ 2. 1] ; S :=F[ 3. 1] ; U :=(Q+R )/2;
V : = (Q -R )/ 2; W : =SQRT (V ^ <V+S *S ); X:=U+W; Y :=UHW ;
* I F * ABS (2*V )>0. 0001 ’THEN*
’BEGIN * Z :=-S /V ; U : =ARCTAN (ABS (Z ))*90. 0/P ;
Q : = ’IF* Z>0.0 ’T H E N ’ U ’E L S E ’ 90. 0-U 
’END " E LSE ’ Q :=45. 0;
PRINT (T ,3.0); SPACE (3) ;
’FOR ’ Is = 1.2.3 ’DO ’ PRINT (B[T .1] .4.0) : SPACE (10) ;
’FOR ’ I : = 1,2„3 ’D O ’ PRINT (F[I .1] .2.4); SPACE (10) ;
PRINT (X .3. 4) ; PRINT (Y .3, 4) ; PRINT (Q ,3. 2) ; NEWLINE (1) 
’END * OF STRESS ;
PROCEDURE * PRINTDATA (JOINTS ,E .LJ .CON.CO .LT ,SP ); ’INTEGER * JOINTS 
’REAL * E ; ’INTEGER "ARRAY ' LJ .CON ; 'ARRAY * CO ,LT ,SP ; 
’BEGIN "INTEGER * I ,J ; WRITETEXT (*(’*( *P2C *) ’DATASiPRINT-OUT ’( ’
2C *)” )*);
’FOR * I : =NM ,NJ ,NW .NJC ,NLT ,NST ,NJL .BA ,MA ,B .C ’DO *
PRINT (I ,4.0); PRINT (E , 3.2); NEWLINE (2) ;
WRITETEXT (’(” (* 12S ’) *CO'(’1BS *) *LJ *( ’ 18S ’)’CON 
*( *2eS *) ’LT ’( ’ 18S ’) *SP ’( *2C *)” ) ’) ;
’FOR * I := 1 ’STEP* 1 ’UNTIL* JOINTS 'DO*
’BEGIN " F O R  * J : = 1,2,3 *DO * PRINT (CO[ I .J] .2. 3) ;
*IF *1 *LE’N J L ’THEN " F O R  *J : = 1,2’D0 * PRINT (LJ[I ,J] .3, 0) 
’IF *1 *LE *NJC'THEN " F O R  ’ J: = 0.1.2,3.4 *DO *
PRINT (CON[ I ,J] .3. 0) ;
’IF *1 *LE *NLT’THEM " F O R  ' J : = 1, 2. 3 ’DO *
PRINT (LT[ I ,J] .2. 4) ;
■’IF *1 *LE ’NST ’THEN * PRINT (SP[I .1] .3. 3) ; NEWLINE (1) 
’END*; NEWLINE (1); PRINT (READ , 5. 0)
’END ’ OF PRINTDATA ;
’PROCEDURE ’ LOADJ (LJ ,NJL .MODE ); * INTEGER "  ARRAY * LJ ;
’INTEGER ’ NJL .MODE ;
’B E G I N ’’INTEGER * I; ’SWITCH* TYPE s=H ,Q ,W 1.W2.W 3;
’FOR * I s = 1 ’STEP ’ 1 ’U N T I L ’ NJL ’DO * L J[ I , 1] s =1 ;
’GOTO * TYPECMODE] ;
H: ’FOR * I s = 1 'STEP ’ 1 ’U N T I L ’ NJL *DO ’ LJ[I ,2] s = 1;
’F O R ’ I :=3, 5.8. 128, 130. 133 ’DO ’ LJ[I,2] s = 2;
LJ[ 1,2] s=LJ[ 127.2] s=4;
’FOR ’ I :=2,17 ’STEP ’ 11 ’UNTIL ’ 116 * D 0 * LJ[I .2] s = 3 ;
’FOR * I 5 = 12,16 ’STEP * 11 ’UNTIL* 137 * DO ’ LJ[I . 2] : =5 ;
’GOTO ’ OUT ;
Q: ’FOR* I s = 1 ’STEP* 1 ’UNTIL* NJL *DO ’ LJ[I,2]s = 1;
’FOR ’, I s = 3. 5.8 *DO * LJ[I ,2] s=2; L J [ 1.2] s=4;
’FOR *. I :=2. 17 ’STEP * 11 ’UNTIL* 61 * D O * LJ[I .2] 5 = 3;
’FOR* I 5 = 12,16 'STEP* 11 ’UNTIL* 71 ’DO* LJ[I,2]s=5; 
’GOTO* OUT;
W 15 ’FOR* I 5= 1 ’STEP* 1 ’UNTIL* NJL *DO * L J[ I ,2] s=READ ;
'GOTO * OUT ; •
W 2s ’FOR* Is= 1 ’STEP* 1 'UNTIL * NJL .'DO * LJ[I .2] s=READ; 
'GOTO * OUT ;
W 3: ’FOR* Is= 1 ’STEP ’ 1 ’UNTIL * NJL ’DO ’ L J [I . 2] 5=READ ; OUT
'END * OF LOADJ ;
'PROCEDURE’ ABAT (A.B ); ’ARRAY * A , B ;
’BEGIN ’’INTEGER ' I .J ,K ; * ARRAY ’ C [ 1 s 3. 1: 3] ;
’F O R ’ 15 = 1.2.3 * DO * ’ FOR ’ Js = 1,2,3 ’D O ’
’B E GIN' C[I ,J] s = 0.0; *FOR ’ K 5 = 1.2.3 * DO *
C [ I , J 3 :=C[ I ,J] +A[ I tK] *6[ K ,J]
'END'; ’F O R ’ Is = 1,2,3 ’DO ’’F O R ’ Js = 1,2,3 *DO ’
’BEGIN ’ B[ I ,J] 5 = 0.0; 'FOR * K: = 1.2,3 *DO *
B[ I ,J] :=B[ I ,J] +C[ I ,K] *A[ J ,K]
’END ’’END * OF ABAT ;
’PROCEDURE* FORMTMK (A ,B ,C ,D,F ,E ,M ); ’VALUE * M ; * INTEGER *’ARRAY *A ; 
’ARRAY* B.C.D.F; 'INTEGER* M; ’REAL* E;
’BEGIN "INTEGER * G ,H .1 ,J ; ’REAL ’ S ; *ARRAY ’ P [ 1 s3] :
CLEAR (C.3.3); CLEAR (F,3.3) ; G :=A[ M .2] ; H 5=A[M . 1 ] ;
J :=A[M ,3] ; ’FOR * Is = 1,2,3 *DO ’ P[I] :=B[G .1]-B[H .1] ;
S s=SQRT (P[ 1]t 2+P[ 2] t 2+P[ 3] t 2) ; C[ 1, 1] s=D[ J . 1] *E /S ;
’FOR ’ I s= 1.2. 3 ’DO ’ F[I ,1] s=P[l] /S 
’END * OF FORMTMK ;
’PROCEDURE* FORMTAU (A ,M ); ’ARRAY* A; ’INTEGER* M;
’BEGIN "REAL * PI .ALPHA ; P I :=4*ARCTAN(1); ALPHA 5 =PI /M ;
CLEAR (A ,3.3) ; A[3,3]: = 1.0;
A[ 1, 1] :=A[ 2, 2] 5=CCS (ALPHA ); A[ 2. 1] s=SIN (ALPHA );
A[ 1.2] :=“A[ 2, 1] •
’END * OF FORMTAU ;
’PROCEDURE* FORMLOADS (WW .LT.LJ ,NJ .NJL ,NW ); ’VALUE ’ NW ; ’INTEGER* 
’ARRAY* LJ ; ’ARRAY* WW .LT ; ’INTEGER* NJ .NJL ,NW ;
’BEGIN "INTEGER ’ A ,B ,C ,1 ,J #W ; A 5 =3*NJ ; CLEAR (WW ,A ,NW );
’FOR * W 5 = 1 ’STEP* 1 ’U N T I L ’ NW *DO *
’BEGIN* Cs = 3*(W-1); ’FOR* Is= 1 ’STEP* 1 ’UNTIL * NJL *DO * 
’BEGIN* A 5 =3*(L J[ I , 1] — 1) ; B s =L J[ I ,W +1] ;
’F O R ’ J s= 1,2,3 *DO * WW[A+J ,W] s=LT[B .C-KJ]
’E N D " E N D  " END ’ OF FORMLOADS;
’PROCEDURE* PRINTDISP (A ,NJ ,NW ); ’ARRAY* A; ’INTEGER* NJ ,NW ; 
'BEGIN ’’INTEGER * C ,1 ,J ,K ;
’F O R ’ I:= 1 ’S T E P ’ 1 ’UNTIL * NW *DO *
'BEGIN * WRITETEXT (’ ( ”  ( *P2C30S ’)’DISPLACEMENTS %(MM )* ( ’ 2C ’) 
LOADHiCASE ’) * ) ; PRINT (I .2. 0) ;
WRITETEXT (’(*’(’ 2C ')’JOINT ’( ’20S ’) ’X ’(&G4RG(&Y 
’ ( ’ 15S *) ’ Z * ( * 2C *)” )*);
'FOR* J := 1 ’STEP* 1 'UNTIL* NJ * D O *
’BEGIN* PRINT (J .3. 0) ; SPACE (9); C:=3*(J-1);
’FOR ’ K := 1,2.3 ’DO * PRINT(1000*A[C+K ,1] .9.3) : 
NEWLINE (1)
’END ’’END " E N D  ’ OF PRINTDISP ;
’PROCEDURE ' MEMFORCE (ME .CO .MK ,SP ,TR ,TT ,WW ,DS ,EF ,E ,M .NW ); ’VALUE * 
E ,M ,NW ; ’INTEGER "ARRAY ’ ME ; ’ARRAY * CO ,MK ,SP ,TR .TT . 
WW ,DS ,EF ; ’INTEGER ’ M ,NW ; ’REAL * E ;
’BEGIN "INTEGER ’ A ,1 ;
FORMTMK (ME .CO ,MK ,SP ,TR ,E ,M );
TRANSPOSE (TR ,TT .3. 3. 1. 1. 1, 1) ;
’FOR ' I := 1.2 ’D O ’
’BEGIN* A:=3*ME[M ,1] -2;
MATMUL (TT .WW ,DS .3.3.NW ,1. 1.A.1.3*1-2, 1.’FALSE *)
’END*;
’F O R ’ I : = 1 ’STEP* 1 'UNTIL* NW *DO *
EF[M .1] :=MK[ 1,1]*(DS[ 1.1]-DS[4.1] )
’END * OF MEMFORCE ;
'PROCEDURE ' READA (A ,M ,N ,IA ,JA ); ’VALUE ’ IA ,JA ; ’ARRAY*'A; 
’INTEGER * M ,N .IA ,JA ;
’BEGIN "INTEGER * I ,J ,P ,Q ; P:=M+IA-1; Q:=N+JA-1;
'FOR* I := IA ’STEP* 1 ’UNTIL* P *DO ’
’FOR ' J := JA ’STEP* 1 ’UNTIL ’ Q *DO * A[I ,J] :=READ
'END * OF READA ;
’PROCEDURE* READIA (A ,M ,N ,IA ,JA ); ’VALUE* IA . JA ; 'INTEGER "ARRAY ’ 
A ; ’INTEGER * M ,N .IA .JA ;
’BEGIN "INTEGER * I .J .P ,Q ; P:=M+IA-1; Q:=N+JA-1;
’FOR* I : = IA ’STEP* 1 ’UNTIL* P 'DO-'
’FOR ' J := JA ’STEP * 1 ’UNTIL ’ Q *DO ’ A[I ,J] : =READ
’END * OF READIA ;
'PROCEDURE ' WORKSTORE (N ,S ,L ); 'VALUE ’ N ,L ; 'INTEGER * N ,L ;
’S T R I N G ’ S; ’EXTERNAL*;
’PROCEDURE* FREESTORE (N ); ’VALUE* N; 'INTEGER* N; 'EXTERNAL*; 
'PROCEDURE * PUTPART (N ,K .A ,X ,Y ); ’VALUE * N ; ’INTEGER * N ,K ;
’REAL ’ X .Y ; ’ARRAY* A; ’EXTERNAL*;
’PROCEDURE ’ GETPART (N ,K .A .X .Y ); /VALUE ’ N ; ’INTEGER * N ,K ;
’REAL * X ,Y ; 'ARRAY* A; 'EXTERNAL*;
'PROCEDURE * MATMUL (A ,B ,C .MA ,NA ,NB ,IA .JA .IB ,JB ,IC .JC .ADD ); ’VALUE 
IA ,JA .JB .ADD ; ’BOOLEAN'ADD ; ’ARRAY ' A ,B .C ; * INTEGER * MA .NA 
NB ,IA .JA .IB ,JB ,IC .JC ;
’BEGIN "INTEGER * I .J ,K ,M ,N ,P ,Q ,R ,S ,T ,U ; ’REAL * X; M:=MA+IA-1;
N : =N B +J E — 1; P :=NA+JA-1; Q:=IC-IA; R:=IB-JA; S:=JC-JB; 
’FOR * I :=IA 'STEP* 1 ’UNTIL* M *DO ’
’BEGIN ' T :=I -K3 ; ’FOR ' J : =JB 'STEP * 1 ’UNTIL ' N *DO ’
’BEGIN * U :=J+S ; X :=0. 0; * F O R * K  :=JA ’STEP ' 1 ’UNTIL ' P *DO 
X :=X +A[ I ,K] *B[K+R .J] ;
C[T .U] : = ’I F ’ADD ’THEN ’ C[T .U] 4X ’ELSE ' X 
’END "END " E N D  ’ OF MATMUL;
’PROCEDURE* CLEAR (A .M ,N ); ’ARRAY* A; ’INTEGER* M ,N ;
’BEGIN "INTEGER * I ,J ; *FOR* I:= 1 'STEP * 1 ’UNTIL * M *DO '
’FOR * J := 1 ’STEP* 1 ’UNTIL* N *DO ’ A[ I .j] : = 0.0
’END * OF CLEAR ;
’PROCEDURE 'TRANSPOSE (A ,B ,MA ,NA ,IA .JA .IB,JB );’VALUE *IA ,JA ; 
’INTEGER ’MA ,NA .IA .JA .IB ,JB ; 'ARRAY ' A ,B ;
'BEGIN "INTEGER ’ I ,J ,K ,M .N ,P .Q ; M:=MA+IA-1; N:=NA+JA-1;
P :=JB —I A ; Q:=IB-JA; 'FOR* I:=IA 'STEP ' 1 ’U N T I L ’ M *DO 
’B E G I N ’ K :=I +P ; ’FOR* J: = JA 'STEP ' 1 ’UNTIL* N ’D O ’
B[ J-H3 ,K] :=A[ I ,J]
’END " E N D ’ OF TRANSPOSE;
’PROCEDURE ’MULTIN (A ,B ,MA ,NA ,NB .IA ,JA .IB ,JB ,INA .ADD ); 'VALUE ’
IA ,JA .IB .JB ,INA .ADD ; ’BOOLEAN ’ INA .ADD ; 'INTEGER'
MA ,NA .NB ,IA ,JA .IB ,JB ; 'ARRAY * A ,B ;
'BEGIN "INTEGER ' I ,J ,K ,M ,N ,P ,Q ,R ,S ,T ,U .V ,W ,Z ; ’REAL * X ;
’IF * INA ’THEN ’
'BEGIN' M : =MA +IA — 1; N:=NB+JB-1; U:=JB *END " E L S E  ’
’BEGIN * M :=NB+JB-1 ; N:=MA+IA-1; U:=IA 'END*;
R : =JA — 1; S:=IB-1; T : = 1-U ; Z : =N +T ;
'BEGIN "ARRAY * Y[ 1 :Z] ; P :=NA+JA-1; Q :=IB-JA ;
’F O R ’ I : =' IF ’i N A ’THEN* IA ’ELSE * JB ’STEP* 1 
’UNTIL*M*DO '
’BEGIN " I F ' I N A ’THEN ’ V :=I ’ELSE * W :=I ;
’FOR * J := U ’STEP * 1 ’UNTIL ' N 'DO ’
’BEGIN ’ X : = 0.0; 'IF *1NA ’THEN *W :=J ’ELSE ' V :=J ;
’FOR * K :=JA 'STEP ’ 1 ’UNTIL ' P ’DO *
X :=X+A[V ,K] *B[K 4Q ,W] ; Y[ J+T] :=X 
’END '; ’IF * INA 'THEN '
.’BEGIN " F O R  ' J : = 1 ’STEP* 1 ’UNTIL* Z *DO ’
A[ I .R+J] : = *IF ’ADD ’THEN *A[ I ,R+J] +Y[ J] ’ELSE 'Y[J] 
'END " E LSE " F O R  ' J :=1*STEP *1*UNTIL 'Z 'DO '
B [ S + J  ,1] : = ' IF 'ADD ’THEN ’B[S+J .1] +Y[ J] 'ELSE *Y[ J] 
’END " END " E N D  ' OF MULTIN;
PROCEDURE * PLANT (A .MK ,IA ,JA ,P ); 'VALUE * IA .JA ; ’BOOLEAN* P; 
’INTEGER * IA ,JA ; ’A R R A Y ’ A.MK;
'BEGIN "INTEGER ' I ,J ,K ; ’F O R ’ I: = 1,2.3 *DO *
/ B E G I N '. K :=IA+1-1; 'FOR* J: = 1.2,3 'DO* A[K,J+JA— 1] : =
A[K .J+JA-1] +( *IF 'P 'THEN ’MK[I .J] ’ELSE ’ -MK[I ,j] ) 
'END "END ’ OF PLANT ;
'INTEGER * A ,B .BA ,C ,1 ,MA .MODE .NJ .NJC .NJL .NLT ,NM ,NST .NW ; 
’REAL * E .PI .ANG;
’BOOLEAN * FAIL ;
* ARRAY * MK .TR ,TT ,TAU ,TAUT[ 1: 3, 1: 3] ;
’INTEGER "ARRAY ' PANEL[ 1:192, 1:4] ;
NM : =READ ; NJ : =READ; NW ;=READ; NJC :=READ ; NLT :=READ ;
NST :=READ; NJL :=READ; E : =READ; BA:=READ; MODE : =READ ;
MA : =3*N J ; B;=3*NW; C:=NW+1; PI : =4*ARCTAN (1) ;
ANG : = 82.5*PI/18 0 ;
’BEGIN "INTEGER "ARRAY * M E [ 1;NM .1:3] ,CON[ 1:NJC .0:4] ,
LJ[ 1 :NJL . 1 :C] ;
’ARRAY * CO[ 1 :NJ .1:3] . SP[ 1:NST,1:1] ,LT[ 1 :NLT .1:B] ,
■ WW[ 1:MA,1:NW] , DS[ 1:6, 1:NW] , EF[ 1:N'M ,1:NW] ;
PROCEDURE * PRINTMEF(ME ,EF,NM,NW ); ’VALUE * NM ,NW ; ’INTEGER * 
’ARRAY* ME; ’ARRAY* EF ; 'INTEGER* NM ,NW ;
/BEGIN "INTEGER ’ I .J ;
WRITETEXT (*(’*( *P 2C 3 OS *) ’ MEMBER F O R C E S  %(KN )* ( * 2C2S *) ' 
MEMBER°mLOAD%CASE ’) *) ;
’FOR * I := 1 'STEP* 1 ’UNTIL * NW /DO ' PRINT (I , 12. 0) ;
NEWLINE(2); 'FOR* I := 1 ’STEP* 1 'UNTIL* NM *D0 ’
MEMFORCE (ME .CO ,MK .SP ,TR ,TT .WW .DS .EF ,E ,1 .NW);
’FOR * I := 1 'STEP * 1 ’UNTIL ’ NM *D0 ’
’BEGIN " F O R  * J := 1.2 *D0* PRINT (ME[ I .J] .3. 0) ; SPACE(lO);
’FOR ’ J := 1 ’STEP* 1 'UNTIL* NW *D0 ’
PRINT (EF[I ,J] .5.5); NEWLINE (1)
'END " END '. OF PRINTMEF;
'PROCEDURE 'FORMROW (A ,W .BA ,IA , JNT .ME ,NM .CON ,NJC ,NW ,MK ); ' VALUE *
BA ,IA ,JNT ,NM ,NJC ,NW ; ' INTEGER ” ARRAY ' ME .CON ;
'ARRAY ' A ,W ,MK ; ’INTEGER * BA ,IA .JNT ,NM .NJC ,NW ;
'BEGIN "INTEGER ' I ,IBA ,J ,K ,M ,N ,NA ,P .Q, ,R ;
NA : t=3*BA ; K :=IA+2; R :=NA—2;
'FOR 'Ii=IA'STEP ’ 1’UNTIL 'K'DO *
'FOR* J:= 1 'STEP * 1 'UNTIL ’ NA *DO * A[I ,J ] : =0.0;
'FOR' I := 1 'STEP* 1 'UNTIL* NM 'DO*
'BEGIN " I F  ' ME[I . 1] =JNT 'OR * ME[ I , 2] =JNT 'THEN*
'BEGIN ’ FORMTMK (ME .CO .MK ,SP ,TR ,E .1 ); ABAT (TR ,MK ) ;
PLANT (A ,MK ,IA . 1,'TRUE’);
J j = 3*(ME[I ,2]-JNT )+1; *IF ' J*1 'THEN*
PLANT (A ,MK ,IA ,J .'FALSE ')
'END "END';
K :=3*( JNT-1) ; P:=IA+2; IBA : = JNT 4BA — 1;
'FOR* I : = 1 'STEP* 1 'UNTIL* NJC *D0 *
*IF *' CON[I ,0] 'g e *j n t  'a n d  ’ c o n [i .o]'l e 'i b a  't h e n *
'BEGIN " I F *  C0N[I .0] =JNT 'THEN*
'BEGIN " I F ’ CON [ I .4] * 0 'THEN*
'BEGIN ' FORMTAU (TAU,CON[I ,4] );
TRANSPOSE (TAU .TAUT ,3,3, 1. 1. 1. 1) :
'.FOR * J : = 1 'STEP' 3 'UNTIL* R *D0 '
MULTIN (TAUT .A ,3.3.3.1,1.IA,J,'FALSE'.'FALSE') ; .
MULTIN (A ,TAU ,3,3,3.IA .1.1.1,'TRUE 'FALSE ’) ; 
MpLTlN (TAUT ,W .3. 3.NW . 1. 1,K + 1, 1, 'FALSE *. 'FALSE ')
'END*;
'FOR ' J : = 1, 2. 3 'DO " I F  * CON[I ,J] =1 'THEN*
'BEGIN " F O R *  N :=IA 'STEP* 1 'UNTIL* P 'DO* A[N,J]:=0.0;
Q : =IA +J — 1; A[Q , J ] := 1. 0; M:=K+J;
'FOR * N := 1 'STEP* 1 'UNTIL* NW 'DO* W[M.N]: = 0.0; 
*FOR ' N :=J +1 'STEP* 1 'UNTIL ' NA *D0 * A[ Q ,N] : = 0. 0
'END '
'END "ELSE*
'BEGIN " I F '  CON[ I ,4] #0 'THEN*
'BEGIN ’ FORMTAU (TAU,CON[I .4] ); R: = 3*(C0N[I.0] -JNT )+1 ;
MULTIN (A .TAU ,3,3.3.IA,R ,1.1.'TRUE '.'FALSE ')
'END '; .
'FOR * J :=1,2,3 *D0 " I F  * C0N[ I ,J] =1 'THEN*
'BEGIN' M :=3*(C0N[I'.0] -JNT )+J ;
'FOR' N :=IA 'STEP* 1 'UNTIL' P 'DO* A[N,M]:=0.0
'END '
'END *
'END " END * OF FORMROW;
'PROCEDURE * DISCEL (MA .BA ,WW ,NW ,SS ); 'VALUE * MA .BA .NW ;
'ARRAY ’ WW ; ’INTEGER * MA .BA ,NW ; 'BOOLEAN* SS;
'BEGIN "INTEGER * B .F ,G ,1 ,J .K ,M ,N ,P ,Q ,R ,S ,T ,U ,V .BV .BV2.IT .
JT .NA .PR ,IND .RE ; 'REAL ’ X .ZERO ;
'ARRAY ' A[ 1:3*BA,1:3*BA] ;
NA:=3*BA; I : = (MA-NA )*NA ; WORKSTORE (10, * ( * ED *) ' , I );
IND : = 1; SS : = *FALSE *; PR:=3; P : =4; F s =MA-NA +1; G:=NA-2 
BV : = 3*NA ; BV 2:=2*BV;
'FOR *; I := 1 'STEP' 3 'UNTIL' G 'DO *
FORMROW (A ,WW ,BA .1 , (I+2)/3.ME ,NM .CON .NJC ,NW ,MK );
JT :=BA +1 ; K: = 0; ZERO; = 0. 0;
'FOR* J:= 1 'STEP' 1 'UNTIL' NA 'DO*
'BEGIN' K :=K +1; *IF * K>3 'THEM* K': = 1; ZERO : =ZERO+A[ J ,K ]
'END *;
ZERO : =ZERO /NA *&— 1 0 ; M: = 0; G:=-2;
'FOR' IT := 1 'STEP' 3 'UNTIL* F *D0 ’
'BEGIN ' N : = 0; Q :=NA ; B :=0; G :=G+3; 'IF * G > N A  * T H E N * G :  = 1;
I :=G— 1; PR : =1+3; *IF * IT=F 'THEN *
'BEGIN* PR :=NA ; M :=G-1 
'END ';
*FOR * I :=I +1 'WHILE* I *LE *PR 'AND* I *LE *NA , 1 'STEP* 
1 'UNTIL ’ M 'DO *
'BEGIN * N :=N+1 ; ’l F * N = P  'THEN*
'BEGIN ' N : = 1; Q :=Q-3 
'END';
B : =B + 1; 'IF' ABS(A[I,N]) *LE ’ ZERO 'THEN'
'BEGIN* SS : =* TRUE *; 'GOTO' OUT 
'END ';
V :=IT +B — 1; R : =0 ; S : =N ; T :=Q ;
’.FOR'. J s = N  + 1 'STEP' 1 'UNTIL * Q 'DO *
'BEGIN* S:=S+1; 'IF* S=P 'THEN*
'BEGIN* S: = 1; R:=R+3; T :=T-3 
'END';
'IF ' A[I,J]#0. 0 'THEN '
'BEGIN' U :=V+J-N ; RE:*=I-N+J; 'IF* RE >NA 'THEN*
RE :=RE -NA ; X :=-A[ I ,J] /A[ I ,N] ;
'FOR * K := S 'STEP * 1 'UNTIL * T *DO '
A[RE ,K] :=A[ RE ,K] +X *A[ I ,K +R] ;
'FOR* K : = 1 'STEP* 1 'UNTIL' NW *DO '
WW[U .K] :=WW[U .K]+X*WW[V ,K]
'END "END';
X :«1.'0/A[I ,N] ;
'FOR* K :=N +1 'STEP* 1 'UNTIL* Q 'DO*
A[ I ,K ] : =X *A[ I ,K] ;
'FOR* K := 1 'STEP * 1 'UNTIL* NW 'DO*
WW[ V ,K] ;=X *WW[V ,K]
'END*;
'IF * IT <F 'THEN *
'BEGIN ' PUTPART (10,IND ,A ,A[G,1] ,A[G+2,NA] );
FORMROW (A ,WW ,BA .G , JT ,ME ,NM .CON .NJC ,NW ,MK ) ;
JT :=JT +1
'END " E N D '  OF FORWARD ELIMINATION ;
F : =NA ; PR:=3; IND:=IND-BV; BV:='IF* G = 1 'THEN* NA+3 
'ELSE ' G+2;
'FOR * IT := MA 'STEP * -3 'UNTIL * F *DO *
'BEGIN " I F  * IT =F 'THEN* PR:=NA-1; N:=4; BV:=--BV-3;
*IF * BV <1 'THEN ' BV :=NA; Q :=BV ; M:=BV+1; R:=T: = 1; 
'FOR ' J := 1 'STEP' 1 'UNTIL* PR 'DO*
'BEGIN ' N :=N-1; Q:=Q-1; 'IF* Q < 1  'THEN*
'BEGIN *. Q :=Q 4NA ; R :=M ; M :=NA+1 
'END';
V :=IT—J +1; T :=T — 1 ; RE :=T ; *IF* N =1 'THEN* N:=4;
B s =N +1; S : =N ;
'FOR* K :=Q 'STEP* -1 'UNTIL* R .NA 'STEP* -1 
'UNTIL ' M *DO*
'BEGIN* B : =B -1; *IF * B =1 'THEN*
.'BEGIN ' B :=4; S :=S +3 
'END ';
RE : =RE — 1; X:=-A[K,S]; '.IF * X *0.=0 'THEN*
'BEGIN * U :=IT-*RE ;
'FOR* I : = 1 'STEP* 1 'UNTIL* NW 'DO *
WW[U .1] :=WW[U .1] +X*WW[V .1]
'END " END " E N D  *;
*IF':IT>F 'THEN ' GETPART (10.IND .A ,A[BV~2. 1] ,
A[BV ,NA] );IND :=IND-BV 2 
.'END*; FREESTORE (10) ; OUT:
'END * OF DISCEL ;
DOMELIST (ME ,CC );
PANELNO (PANEL );
READIA(C.ON ,NJC .5. 1. 0) ; READA (SP .NST ,1. 1. l) ; .
READA (LT ,NLT ,B ,1. 1) ;
LOAD J (LJ fNJL .MODE );
FORMLOADS (WW ,LT .LJ ,NJ ,NJL .NW );
PRINTDATA (NJ ,E .LJ .CON ,CO .LT ,SP );
DISCEL (MA .BA ,WW .NW .FAIL ) ;
’IF * FAIL ’THEN *
’BEGIN * WRITETEXT ('(’■*( *P 20 ’) ’ THE %MATRIX %IS S I N G U L A R  *)■’): 
’GOTO* STOP
'END*;
’FOR* I ;= 1 ’STEP* 1 ’UNTIL* NJC *DO *
’IF * CON[I ,4] #0 ’THEN *
'BEGIN *. FORMTAU (TAU ,CON[I ,4] ); A :=3*C0N[I .1] -2;
MULTIN (TAU ,WW .3.3.NW ,1. 1.A ,1.'FALSE *,’FALSE *)
'END';
PRINTDISP (WW ,NJ .NW );
PRINTMEF (ME ,EF ,NM ,NW ); ,
WRITETEXT (•(*’( *P 2C42S *) ’PRINCIPALSTRESSES %EN“(PANELS 
*(’2C ')’PANEL ’(’13S ')’MEMBERS *(’20S ')’SIGX 
*(* 6 S *)*SIGY *(’5S ’)’TAUXY *(* 17S *)’PS 1 *(’8S ')
PS 2’( ’ 7S ’) ’ THETA * ( ' 3C *) * 8 ) ’ ) ;
’F O R ’ I := 1 ’S T E P ’ 1 ’U N T I L ’ 192 ’D O ’
STRESS (EF .PANEL .1 .404. 2,ANG .0. 3) ;
STOP :
'END ’
.’END * ;
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